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INTRODUCTION

Oxidative stress is believed to contribute to the pathogenesis of

Parkinson's disease (PD). One of the most abundant antioxidant molecules in the

brain is glutathione (GSH). In brains from of PD patients the levels of GSH are

low in the substantia nigra, the area which is predominantly affected in PD

(Perry, Godin et al. 1982; Jenner, Dexter et al. 1992). In our earlier studies

(Mytilineou, Kokotos Leonardi et al. 1999) we had shown that in rat

mesencephalic cultures, which contain the neurons of the substantia nigra,

depletion of glutathione causes cell death, which can be prevented by

antioxidants, suggesting an association with oxidative stress. Low levels of GSH,

however, were not toxic to the neurons if glial cells were not present (Mytilineou,

Kokotos Leonardi et al. 1999). Based on these data, we proposed to investigate

whether, during conditions of reduced GSH content, interactions between

reactive oxygen species (ROS) and pro-inflammatory cytokines could contribute

to neurodegeneration in PD. Specifically we proposed to examine: (1) The

contribution of glial cells to the events that lead to neuronal degeneration during

GSH depletion; (2) the role of glial pro-inflammatory responses (release of

cytokines, nitric oxide, excitotoxins, arachidonic acid) in cell death, during GSH

depletion; and (3) the contribution of ROS to the events that lead to cell death

during GSH depletion.

Based on the results from studies conducted during the grant period, we

have reached the following overall conclusions:
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Depletion of GSH in mesencephalic cultures causes neuronal cell death

associated with the formation of ROS and oxidative stress. Oxidative stress is

caused at least in part by the increased release and metabolism of arachidonic

acid, as a consequence of activation of phospholipase A2 (PLA 2) and increased

lipoxygenase (LOX) activity in GSH depleted cells. Protection from cell death can

be achieved by the use of antioxidants and up-regulation of the mitochondrial

antioxidant enzyme, Mn-superoxide dismutase (Mn-SOD). Protection can also be

achieved by inhibition of PLA2 activity and even more potently by inhibition of

LOX, the arachidonic acid metabolizing enzyme. No direct evidence for a

connection between inflammation and GSH depletion-induced

neurodegeneration could be observed, although addition of the cytokine

interleukin-113 (IL-1 3) increases toxicity. However, anti-inflammatory agents do

not provide protection.

BODY

This is a summary of the accomplishments from our research efforts

during the grant period as they relate to the Statement of Work. The four yearly

reports already submitted provide more detailed information on individual

experiments.

Year 1: Study of the contribution of glial cells to neuronal degeneration and

mechanisms of glial mediated cell death during GSH depletion.
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Our previous studies (Mytilineou, Kokotos Leonardi et al. 1999) showed that

GSH depletion, to levels that cause total cell loss in cultures containing neurons

and glial cells, has no effect on cell viability in enriched neuronal cultures. An

increase in the plating cell density sensitized glia-containing cultures to GSH

depletion-induced toxicity, suggesting that cell death is the consequence of

events that are induced by GSH depletion and are mediated by glial cells. The

observation that the LOX inhibitor nordihydroguaiaretic acid (NDGA) provides full

protection from toxicity suggested that arachidonic acid metabolism, through the

LOX pathway, and the generation of reactive oxygen species may play a role in

the loss of cell viability.

Low GSH levels as well as glial activation have been reported in the

substantia nigra in PD (Perry, Godin et al. 1982; Jenner, Dexter et al. 1992)

(Hirsch, Hunot et al. 1998). We, therefore, examined whether glial activation

would increase the sensitivity of mesencephalic cultures to GSH depletion. To

study the role of glial activation in the toxicity of GSH depletion, we exposed

cultures to the bacterial endotoxin lipopolysaccharide (LPS) prior to threatment

with the GSH depleting agent I-buthionine sulfoximine (BSO). The studies

reported below have been published (Kramer, Yabut et al. 2002) and a reprint of

the publication is attached with this report. Treatment of mesencephalic cultures

with LPS increased the number of astrocytes as well as the number and IL-i 13

content of microglia. Independent experiments showed that the cytokine IL-13

increases the toxicity of GSH depletion (although the cytokines interferon-y and

tumor necrosis-a were ineffective). In spite of increased glial content and up-
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regulation of IL-1 P, LPS treatment protected the GSH-depleted cultures from

neurodegeneration (Kramer, Yabut et al. 2002). This unexpected finding

prompted us to examine further the mechanisms involved in this protection in

order to gain more insight in the mechanisms glial interactions in cell

degeneration and neuroprotection in conditions of GSH depletion.

LPS had been shown to up-regulate the antioxidant enzyme SOD in glial

cultures (Del Vecchio and Shaffer 1991; Mokuno, Ohtani et al. 1994). Based on

these finding we tested whether LPS treatment affected SOD and catalase

activity in mesencephalic cultures. Treatment with LPS caused a greater than 2-

fold increase in Mn-SOD but had no significant effect in the activity of Cu/Zn-

SOD or catalase. Western blots from lysates from the cultures showed a

significant increase in Mn-SOD protein after treatment with LPS, but no change

in Cu/Zn-SOD, suggesting the possibility that protection from GSH depletion was

provided by the up-regulation of the mitochondrial antioxidant enzyme Nn-SOD.

This was further supported by the finding that SOD added to the culture medium

provided protection from GSH depletion. Both forms of the enzyme were

protective.

We then examine the cellular localization of the different forms of SOD

and their response to LPS treatment of the cultures. Double label

immunofluorescence showed that Cu/Zn-SOD was mostly localized in the

neurons and there was no apparent change following treatment of the cultures

with LPS. In contrast Mn-SOD was localized in both neurons and glial cells and
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there was a big increase in the astrocyte content of this enzyme following

treatment with LPS (Figures 8 and 9; (Kramer, Yabut et al. 2002).

These studies point to the complex involvement of glial cells in both

toxicity and protection of neurons. In addition, the stong protective effect of the

up-regulation of Mn-SOD suggests that superoxide generated as a result of

GSH depletion and increased metabolism of arachidonic acid is an important

component of the events that lead to cell death.

Year 2: Study of the role of arachidonic acid and metabolites of the

cyclooxygenase (COX) and LOX pathways in cell death caused by GSH

depletion.

The protection provided by the inhibition of arachidonic acid metabolism

indicated that arachidonic acid plays a major role in the toxic events that follow

GSH depletion. In the studies described below we examined (1) whether GSH

depletion results in increased release of arachidonic acid, (2) whether this

release is associated with PLA2 activity and (3) whether arachidonic acid or any

of the metabolites of the LOX pathway are toxic to GSH depleted cells.

Independent experiments indicated that the COX metabolic pathway of

arachidonic acid metabolism did not contribute significantly to the toxicity of GSH

depletion. The results of these studies have been published and a reprint of this

manuscript is appended to this report (Kramer, Yabut et al. 2004).

To determine whether GSH depletion promotes the release of arachidonic

acid, we labeled membrane phospholipids with [3H]arachidonic acid before GSH
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depletion by treatment with the GSH synthesis inhibitor BSO. A significant

increase in arachidonic acid release was observed in the BSO treated cultures,

which could be prevented by the specific cPLA2 inhibitor MAFP, indicating the

involvement of cPLA2 in the release of arachidonic acid by BSO.

To determine whether the release of arachidonic acid may be associated with the

toxicity caused by GSH depletion, we exposed cell cultures to arachidonic acid in

the presence or absence of BSO. arachidonic acid was not toxic to

mesencephalic cultures with normal GSH levels. However arachidonic acid

increased the toxicity of GSH depletion. Inhibition of LOX activity prevented the

damage caused by combined arachidonic acid treatment and BSO, indicating

that the metabolism of arachidonic acid by LOX is an important component of the

events that lead to loss of viability.

Protection from GSH depletion by inhibition of LOX activity suggests that

the products of arachidonic acid metabolism by LOX may account for the

observed toxicity. We examined the effect of 12-HPETE and 12-HETE, the major

products of 12-LOX reaction with arachidonic acid (Katsuki and Okuda, 1995) in

mesencephalic cultures with normal or depleted GSH. 12-HPETE caused a small

reduction of cell survival when GSH levels were normal and it augmented the

toxicity of GSH depletion by 3 to 5-fold. 12-HETE caused no significant damage

and did not modify the toxicity of BSO.

If, as shown above, arachidonic acid release and metabolism contribute to

the toxicity of GSH depletion, reducing the release of arachidonic acid by

inhibiting cPLA2 activity should afford protection. Indeed the cPLA2 inhibitors ATK
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and MAFP prevent the toxicity of BSO in mesencephalic cultures, further

supporting the involvement of arachidonic acid in toxicity.

Although complete protection is achieved when cPLA2 inhibitors are

added together with BSO, delayed exposure reduces their effectiveness. In

contrast, inhibition of arachidonic acid metabolism or addition of antioxidants can

rescue mesencephalic cells, even if treatment begins quite late, just prior to the

onset of cell breakdown. The reason for this difference is not clear, but it implies

that activation of PLA2 is an early event in the process that leads to cell death.

Collectively our data suggest the following scenario concerning the events

that lead to cell death after exposure of mesencephalic cultures to BSO:

Depletion of cellular GSH causes increased release of arachidonic acid likely

through the activation of PLA 2. Concomitant increase in LOX activity, also

resulting from GSH depletion, drives the metabolism of arachidonic acid through

this pathway. Oxygen free radicals generated during this metabolic process

accumulate within the GSH depleted cells overwhelming existing defense

mechanisms contributing to cell death.

Year 3: Assessment of peroxide formation and its role in cell death during

GSH depletion.

The data from these experiments have been published and a reprint of

this manuscript is appended to this report (Kramer, Yabut et al. 2004). The

intracellular accumulation of H 20 2 and/or other ROS was examined during the

course of GSH depletion by loading the cells with H2DCF-DA, which is converted

10



to a fluorescent derivative by ROS. Cultures were treated with BSO and then

exposed to H2DCF-DA at 4, 8, 24, 30 and 48 h later. No significant increases in

fluorescence could be observed in the cultures up to 30 h post treatment. High

intensity fluorescence began accumulating almost simultaneously with the

appearance of damaged cells (Fig. 6 in manuscript attached). Fluorescence

appeared initially within well-defined cellular organelles, resembling

mitochondria, and in cell processes and eventually filled the entire cell. Some

cells appeared ballooned and to be detaching themselves from the culture dish.

ROS formation using this assay was blocked by PLA2 and LOX inhibitors,

indicating the involvement of arachidonic acid. It is interesting that accumulation

of reactive oxygen species, in amounts sufficient to be visualized with H2DCF-DA

microscopy, occurs only during the last stages before cell loss. This suggests

that a critical threshold of toxic by-products of arachidonic acid metabolism is

needed for the initiation of cell death pathway and, as our data above show,

preventing this accumulation can rescue the cells.

Year 4: Study of cellular events associated with neuronal cell death during

GSH depletion.

For the fourth year of the grant period we proposed to determine

whether apoptosis was the cell death pathway following GSH depletion and

assess the expression of pro- and anti-apoptotic genes during the process of cell

death and as a result of antioxidant protection. Studies using TUNEL in

combination with DNA staining demonstrated that apoptosis was not the cell
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pathway followed during GSH depletion. Examination of cultures treated with the

GSH synthesis inhibitor, BSO, showed complete lack of apoptotic morphology at

3, 8, 12, 24 and 48 hr after treatment with BSO. Some apoptotic morphology was

observed in cells labeled with the astrocytic marker glial acidic fibrillary protein

(GFAP), but never associated with cells stained positively with neuronal markers

(neuron specific enolase, microtubule associated protein-2 or tyrosine

hydroxylase).

Because of remaining time and resources we examined the possibility that

GSH depletion and oxidative stress can combine with inhibition of proteasomal

activity to induce the selective vulnerability of dopamine neurons observed in PD.

Recent studies (published after the submission of the grant application) suggest

that defects in the capacity of the ubiquitin-proteasome system to clear unwanted

and misfolded proteins is also a common factor underlying both the familial and

sporadic forms of PD (McNaught and Jenner, 2001; McNaught et al., 2001;

McNaught et al., 2002). The results of these studies are being prepared for

submission for publication and have been reported in detail in the 4th year report.

In summary we found the dopamine neurons show selective sensitivity to

inhibition of proteasome activity. GABA neurons showed significantly lower

sensitivity to inhibition of proteasome activity, as determined by measurement of

[3H]dopamine and [14C]GABA uptake and by comparing the numbers of total

(MAP2 stained) with the tyrosine hydroxylase stained neurons.
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We also showed that the damage to dopamine neurons caused by

inhibition of proteasome activity was greater in cultures under oxidative stress

caused by depletion of GSH and exposure to L-DOPA or hydrogen peroxide.

KEY RESEARCH ACCOMPLISHMENTS

We have been able to identify several components of the events that

occur when brain cells are depleted of GSH, which leads to cell death. We have

also been able to determine means of rescuing the GSH depleted cells by

interrupting different steps of this process and to compare their effectiveness.

More specifically we have found that:

" Depletion of glutathione in brain cells causes the initiation of a chain of

events that result in oxidative damage and cell death, which can be

prevented by treatment with antioxidants and by up-regulation of

superoxide dismutase activity.

" Following GSH depletion there is an increase in PLA2-dependent release

of arachidonic acid. The metabolism of arachidonic acid by lipoxygenase

generates toxic free radicals that result in cell death.

" Inhibition of PLA2 or lipoxygenase activity protect from the toxicity of GSH

depletion.

" Intracellular accumulation of reactive oxygen species is a late event, which

begins in mitochondria-like structures and before it extents to cell soma

and neuronal processes.
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" Antioxidants and lipoxygenase inhibitors can completely prevent cell death

even if they are administered late in the course of GSH depletion.

However, PLA2 activity has to be inhibited early in order to afford full

protection.

" Neuronal cell death caused by the depletion of GSH is not associated the

with apoptotic pathway.

REPORTABLE OUTCOME

1. Kramer, B.C., Yabut, J.A. Cheong, J. Jnobaptiste, R., Robakis, T.,

Olanow, C.W. and Mytilineou, C. Lipopolysaccharide prevents cell death

caused by glutathione depletion: Possible mechanisms of protection.

Neuroscience, 114, 361-372, 2002.

2. Mytilineou, C., Kramer, B.C. and Yabut, J.A. Glutathione depletion and

oxidative stress. Parkinsonism and Related Disorders, 8, 385-387, 2002.

3. Kramer, B.C., Yabut, J.A. Cheong, J. Jnobaptiste, R., Robakis, T.,

Olanow, C.W. and Mytilineou, C. Toxicity of glutathione depletion in

mesencephalic cultures: A role for arachidonic acid and its lipoxygenase

metabolites

4. McNaught, K. St P., Mytilineou, C., Jnobaptiste, R., Yabut, J.,

Shashidharan, P. Jenner, P. and Olanow, C.W. Impairement of the

ubiquitin-proteasome system causes dopaminergic cell death and
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inclusion body formation in ventral mesencephalic cultures. J. Neurochem.
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5. Mytilineou, C., Walker, R.H., Jnobaptiste, R. and Olanow, C.W. Levodopa

is toxic to dopamine neurons in an in vitro but not an in vivo model of

oxidative stress. J. Pharmacol. Exp. Ther. 304, 792-800, 2003.

6. Kramer, B.C. and Mytilineou, C. Alterations in the cellular distribution of
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partial support of the grant.

Meeting Presentations:
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Oxygen Radical Society, 2001 Kramer, B.C. Yabut, J.A. and Mytilineou, C.

Up[regulation of Mn-SOD by lipopolysaccharide protects mesencephalic cultures

from glutathione depletion.

Society for Neuroscience 2001 Lipopolysacharide treatment protects

mesencephalic cultures from glutathione depletion.
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CONCLUSIONS

Our studies confirm the significance of oxidative stress in neuronal damage and

suggest that it is likely to play a role in the degeneration of dopamine neurons in

Parkinson's disease. We have demonstrated that depletion of the antioxidant

GSH can cause changes in cellular functions which can lead to cell death, if

sufficient protective mechanisms are lacking. The changes that are induced by

GSH depletion include increased PLA2 dependent release as well as increased

metabolism of arachidonic acid, a process which results in the generation of

reactive oxygen species, oxidative stress and cell degradation. The cells can be

protected from damage by inhibiting the different steps that follow GSH depletion,

including inhibition of the release of arachidonic acid or suppression of its

metabolism. In addition, treatment with antioxidants or increase in SOD activity

can rescue the cells from GSH depletion induced damage. These findings may

be relevant to Parkinson's disease, where depletion of GSH in the substantia

nigra has been described and could help devise strategies for the prevention or

treatment of this disorder.
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Abstract

Oxidative stress is believed to contribute to the pathogenesis of Parkinson's disease. One of the indices of oxidative stress is the depletion
of the antioxidant glutathione (GSH), which may occur early in the development of Parkinson's disease. To study the role of GSH depletion
in the survival of dopamine neurons we treated mesencephalic cultures with the GSH synthesis inhibitor L-buthionine sulfoximine. Our
studies have shown that the depletion of GSH causes a cascade of events, which ultimately may result in cell death. An early event following
GSH depletion is a phospholipase A2-dependent release of arachidonic acid. Arachidonic acid can cause damage to the GSH-depleted cells
through its metabolism by lipoxygenase. The generation of superoxide radicals during the metabolism of arachidonic acid is likely to play an
important role in the toxic events that follow GSH depletion. © 2002 Elsevier Science Ltd. All rights reserved.

Oxidative damage is believed to contribute to brain aging molecules in the brain. GSH is a tripeptide comprised of
and neurodegenerative disorders, such as Parkinson's and cysteine. glycine and glutamate and is synthesized in the
Alzheimer's disease. The substantia nigra in Parkinson's brain by both neurons and glial cells, although it is more
disease brains shows signs of oxidative stress, including abundant within astrocytes [33,35,40]. GSH, with the
damaged proteins and DNA [17,22,36], excess accumu- enzymes GSH peroxidase and GSSG reductase. serve to
lation of iron [12,34] and lipid peroxidation [ II], reduced detoxify H20 2 to water and molecular oxygen and help
complex I activity [31,37,38] and depletion of glutathione maintain the cysteinyl-thiols (R-CH 2-SH) groups of
(GSH) [32,39]. Neurons in general are more exposed to the proteins in the reduced state, which is often necessary for
toxic by-products of oxygen metabolism than other cells, their functional integrity. Depletion of GSH could signifi-
because they depend primarily on oxidative phosphoryl- cantly affect the survival of dopamine neurons, particularly
ation for energy production. A further compromising factor if they are under oxidative stress. The possibility that GSH
is that the brain is deficient in antioxidant molecules and loss may be an early event in Parkinson's disease, occurring
"free radical scavenging enzymes compared to other tissues, even in pre-symptomatic patients [13], suggests that GSH
which makes neurons vulnerable to oxidative stress [10,14]. may play a crucial role in the pathogenesis and progression
Dopaminergic neurons, the cells that degenerate in of this disorder [21].
Parkinson's disease, are subjected to additional oxidative Several studies have examined the response of brain cells
stress because of H20 2 produced during the metabolism of to depletion of GSH. Inhibition of GSH synthesis with L-
dopamine by monoamine oxidase (MAO) [7,9]. H 20 2 can buthionine (S, R)-sulfoximine (BSO), an inhibitor of ,y-
react Wvith transition metals to form the highly reactive glutamylcysteine synthetase [18] causes depletion of GSH
hydroxyl radical (OH-) known to cause damage to lipids, in the brain and damage to mitochondria, suggesting that
proteins and DNA [5,6]. GSH dependent reactions are important for the detoxifica-

GSH is among the most abundant soluble antioxidant tion of H20 2 in the mitochondria [20]. The same treatment
was shown to increase lipid peroxidation and cause loss of

Corresponding author. Tel.: + 1-212-241-7313; fax: + 1-212-348-1310. catecholamine fluorescence and formation of dystrophic
E-mail address: catherine.mytilifilou@mssm.edu (C. Mytilineou). processes in murine nigrostriatal neurons [I]. In cell culture
Present address: Department of Neuroscience and Cell Biology. GSH protects neurons from the toxicity of 6-hydroxydopa-

UNDNJ-Robert Wood Johnson School of Medicine, Piscataway, NJ mine (6-OHDA) and 1-methyl-4-phenylpyridinium ion [41]
08854, USA.

2 Present address: Merck and Company, Rahway. NJ 07065, USA. and from dopamine-induced apoptosis [16,42]. GSH is also
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important for the survival of dopamine neurons with oxidative stress are not well understood at present but it is
impaired energy metabolism [45]. evident that they are complex and they include both

To gain an understanding of the role of GSH depletion in protective and toxic components. In the brain, astrocytes
the degeneration of dopamine neurons in Parkinson's are enriched in PLA2 [15] and PLA 2 activity increases
disease, we initiated experiments using primary rat during oxidative stress [3]. Excess arachidonic acid
mesencephalic cultures containing dopamine neurons of increases H201 levels in mitochondria and depresses
the substantia nigra. Our studies show that treatment of respiratory activity [4]. The arachidonic acid cascade is
mesencephalic cultures with BSO causes depletion of GSH known to cause oxidative damage [24], which would be
and results in cell death [27,29]. The loss of GSH rather than exacerbated in cells with decreased GSH content and
BSO treatment itself is the cause of cell death, because it can reduced mitochondrial complex I activity, as is the case in
be prevented by replenishing the GSH stores with GSH Parkinson's disease.
esters (unpublished results). Furthermore, the protective The environment of the substantia nigra in Parkinson's
effect of ascorbic acid [27] and superoxide dismutase 1441 disease is supportive of free radical chain reactions and
indicates that cell death by GSH depletion is associated with oxygen radical pathology [8]. The possibility that a defect inoxidative stress. It is interesting, however, that severe the clearing these oxidatively damaged proteins in Parkin-
depletion of neuronal GSH may not necessarily lead to cell son's disease [26] may be the ultimate insult that results in
death. When neurons are grown in culture without a the degeneration of dopamine neurons.
significant amount of glial cells, reduction in GSH content
to levels that would otherwise cause severe loss of cells fails
to affect cell viability [27]. This finding suggests that
depletion of GSH initiates a chain of events which
eventually result in oxidative damage sufficient to cause Financial support was provided by the Bachman-Strausscell death and that glial cells are an important participant in Financial isor w as p ovide d by the BS
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LIPOPOLYSACCHARIDE PREVENTS CELL DEATH CAUSED BY

GLUTATHIONE DEPLETION: POSSIBLE MECHANISMS OF PROTECTION

B. C. KRAM\ERVih J. A. YABL'T. J_ CHEONG." R. JNOBAPTISTE," T. ROBAKIS.' C. W. OLANOW"
and C. \IYTILI',EOlJ"'

'Depa~rtmient of NeUrologtx Box 1137. Mount Sinai School of Medicine. I Gu~stave L. Lo\ % Place. \New York, NY 10029, USA

lI~i~.hberL Center for Neurobioloex . Mount Sinai Schtool of Medicine. Ne%% York. NY 10029. USA

AXbstract GILutathione is ain itnportant cellular antioxidant present at high concentrations in the brain. We have pre-
itousl% dermonstrated that depletion of-ilutathione inl mesencephialic cu~ltu~res resNults in cell death and that thle presence of
Lilai ttvle~str\ for the expression of toxici-tx Cell death follo\O ng 2ttlutathione depletion can be prevented byý inhibition
ollpoe'nate actix it%. mnplicatinttg arachidonic acid metabolismn in the toxic events. In this stud. we exarnined the effect

of ilt ml actlixtion. knownI to cause secretion of cvtokines and release of arachidonic acid, onl the toxicity induced by
glut ,thtoni depletion. Our dlata show that treatmient %%ith the endotoxin lipopolI% saccha ride activated glial cells in
ImeSC.nCxphalIs. Cultures. increased interleukin- I I itt microglia and caused depletion of mtlutathione. The overall effect of
lipopolx xacchartde treatment. howexer. A~as protection fromt dlramae caused by ilu.tathione depletion. Addition of cxto-
kines or ,ro%%tli factors. normally secreted b\ activated mzlia. did not miodif% L-buthionine sul1foximline toxicity. al thoumgh
bas.i ltbrobl m~t "row\th factor prox ided some, protection. A large increase in the protein conmtetnt and the activity of Min -

su.peroxide dismuase obserx ed after lipopox- samccharidle treattnetit. may indicate a role for this mitochondrial antioxidant
ert/\ me in the protectixc efefect of lipopol% saccharide. This \xas supported by thle Suppression of toxicit\ by exo-genous
Superoxide dismnutase. Our data suggest that superoxide contributes to the damage caused by 1olu.tathiotte depletion and
that up-regu1.lation of superoxide dismuILtase -m-a\ offer protection in neUrodlegenerati\ve diseases associated with stlutathione
depletiott and o\idaitixc stress. c 20012 IBRO. Published b\ Elsevier Science Ltd. All riLehts' reserved.

Ac ird I -11buthioni tie uil fox inline. niesencepha Iic cu~ltures. suiperoxide d sin Lutase. 0 \dat ix e stress. Par kinson's disease.

Oxidative ýstress is, believed to contribute to the degener- dopam~ine neurons (Cohen and Kesler. 1999). Gluta-

ation of dopamnine neurons in Parkinson's disýease (PD). thione (GSH). anl important soluble antioxidant in the

Hydrogen peroxide 1H,0 2l is a major oxidative species brain. detoxifies HO, and lipid hyd ro peroxides

produtced normlall\ xx ithinl neurons during respiration. (Meister. 1991). GSH is depleted in the substantia
Within the dopaminme neurons 1-1,O: is also formed dur- ntstra in PD (Perry, et all.. 1982; Sofic et al.. 1992) and

ing the metabolism of dopamnine by -monoamine oxidase. it has been su2Lest'ed that this loss may Ibe anl early event
The hlieh-energx requirements of brain functiOti coupled tn tts pathogenesis (Dexter et al., 1994).

xxith the metabolism of dopamnine Could result inl collcen- Inhibition of 1-ýglutamylcysteine synthetase. the rate

trations of 11,O, sufficient to cause oxidatixve stress iml limiting,- enzy Ime in GSH synthesis, by L-budthionine sul-
fo:ximine (BSO) cautses cell death in primary neuronal
Cultures and cell lines (Li et al., 1997: Mytilineou et

_____ ______--al., 1999 Wullner et al.. 1999). Inhibition of lipoxygen-
*Corresponding author. Tel.: + 1-212-241-7313: fax: - 1-212-348- ase activity prevents cell death, implicating arachidionic

E1al310. cieicrr iiIOL tIsIl~d C ltlnoo acid metabolism in the toxicity of GSH depletion (Li et

Ahlybei-aii,ttm ANOVV r~mvi of x ariatice: bFGF. basic fibro- al.. 1997: NMytilineou et al.. 1999). WXe have recently
blast grouth factor: BSA. bo esrtt lumn S.-ubo shlown that .damage from GSI-1 depletion become's

nine suL1foxniine: FDTA. ehltdinittr-c:me:GFAP. Lreater in mesencephalic cultures with increased glia to

g-lial fibrillar% acidic rroteimt: GSH. redutced iglutte.:Iione: IGE. neuron ratios \I Mtilineou et al., 19991. The contribution

itisu~liti-likeC gross th factor: IL-I). interleukiti-lp I:1NF-'y. tinter- of Lylia to the toict ofS epletion is not well under-
feron--(: LDH. lacta,tt dehydroizenase: LPS. lipopc,:'saccharidle: stood and, in view of the well-known neuroprotective
MIAP. miicrotubule asociated protein: %ITT. 3-14.5-dimnethylthi- role of astrocytes (Desagher et al.. 1996; O'M,,aliey et

mmzl-2xh-.5-ipbn~letrzolum romde:NADH. icomn- al.. 1994: Takeshima et al.. 1994: Wilson, 1997), Such
amnide adenine dinucleotide phosphate: PBS. phosphate-buffered an effect mnay appear counter-intuitive. Several findings.
saline: PD. Parkinson's disease: PLA,. phospholipa-e A,: SDS- hwvr ol mlct srctsi rcioi cd
PAGE. soldiumn dodecxl I sulfate polyacrxlamide gel electrophore- hwvr ol mlct srctsi rcioi cd
sis: SOD. iuperoxisie dismutase: TGF-. transformling growth mediated toxicity in primary cell cultures: 11) Among

factor-IS: TH. t~ro'ine hxdroxylase: TNF-re. tumror necrosis lfmc- brain cells. asrctsaeecuiel epnil o h

tor-ot: TTBS. 20 niNl Tris 1-C0. 500 mMx NaCI. 0irTxxeeti 21). sy nthesis of arachidonic acid (Katsuki and Okuda, 1995).
pH- 7.~ 2 Neurons depend on astrocv tes for arachidonic acid
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transport, because they cannot perform the fatty acid thine (0).l m mg/m at a density of 300000 cells/cm2. The medium

desaturation steps necessary for its synthesis (Katsuki consisted of MENM supplemented with 2 mM glutamine, 33 mM
-lucose. Itr horse serum and 10% NU6 serum. Treatment

and Okuda. 1995: Moore et al., 1991). (3) The cytosolic began on the fifth or sixth day in vitro, at which time the
form of phospholipase A, (PLA2). the enzyme primarily medium was changed to MEM containing only 5% NU9
responsible for the release of arachidonic acid in brain, is serum. The method of McCarthy and de Vellis (1980) was

present within astrocytes (Stephenson et al., 1999: used to prepare purified ustrocytes. In brief, cortical cultures
Stephenson et al., 1994) and microglial cells (Clemens prepared from newborn rats were plated in 75 cm2 flasks at

S h n5x10' cells/flask. After seven days in ritro the flasks were
et al., 1996). shaken overnight on a rotary shaker at 250 r.p.m. and the fol-

Activation of glial cells causes secretion of cytokines, lowing day the floating cells were removed and the remaining

increases PLA, activity (Oka and Arita, 1991) and in- attached astrocytes were dislodged with Versene and plated in

duces release of arachidonic acid in astrocytes (Minghetti 24-well plates. Treatment of astrocyte cultures began 24 h afterduce reeas ofarahidnic cidin strcyts (ingplating.
and Levi, 1998: Stella et al., 1997) and microglia
(Iinghetti and Levi, 1998). Theoretically, glial activation lmnmnouytochistv

combined with GSH depletion, which also increases
lipoxygenase activity (Li et al., 1997: Shornick and Cells w•ere plated on polvornithine coated glass coverslips in

Holtzman, 1993). should result in excess free radical gen- 24-well plates. They were fixed with 4% paraformaldehyde in
PBS for 30 minm at room temperature and permeabilized and

eration and create additional oxidatie challenge to GSH blocked with 0.3% Triton X-100 and 3% bovine serum albumin

depleted cells. (BSA) for 30 min. Primary antibodies used were: anti-GFAP

To study the role of glial activation in the toxicity of (1:1000), OX-42 (1:250), anti-microtubule associated protein

GSH depletion, we exposed mesencephalic cultures to a )MAP-2 1:500). anti-lL-l (1:250) and anti-TH (1:1000). Cul-

bacterial endotoxin (lipopolvsaccharide: LPS), prior to tures were exposed to the primary antibodies overnight at 4°C.
Secondary antibodies conjugated to Alexa fluorescent dyes

treatment with BSO. We show that LPS activated micro- (Molecular Probes. Eugene, OR, USA) were used at a dilution

glia and astrocytes. reduced the levels of GSH and of 1:11000 for 30 min. The cultures were observed with an Olym-

increased the cytokine interleukin-1l3 (IL-1I3). which is pus fluorescence microscope and the images recorded with a

toxic to GSH depleted cells. However, the overall effect Spot video camera.

of LPS was a significant protection from the toxicity of

GSH depletion. Our data suggest that LPS-induced f3 H~dopbmine uptake

up-regulation of Mn-dependent superoxide dismutase Measurement of dopamine uptake was performed as

(SOD), the mitochondrial enzyme responsible for detox- described prexiously (Mytilineou et al.. 1998). Cultures were

ification of superoxide (O_,), may play a significant role rinsed with Kreb's phosphate buffer (pH 7.4) and incubated
in the LPS-induced protection. for 30 nain at 37°C with the same buffer containing 0.2 mg/ml

ascorbic acid and 0.5 jACi/ml [1H-dopamine (32.6 Ci/mrnol:

NEN. Boston, MA. USA). After rinsine. the radioactisity was
extracted with I ml 95% ethanol. which was added to vials

EXPERIMIENTAL PROCEDURES containing scintillation cocktail and the radioactivity measured
in a scintillation spectrometer (Packard Tri-Carb 2100). Cultures

1hateriuls treated with the neuronal dopamine uptake blocker mazindol
(10 PM) were used as blanks.

Pregnant Sprague-Dawley rats \\ere obtained from Taconic
Farms (Germantown, NY, USA). MEM was purchased from (Cell viability assavs 3-i 45-dinethyhhiao vl-2-vl/-

Gibco-Life Technologies (Grand Island. NY. USA). horse 2.5-dipheny-tetra:oliu) h bromide (,VMTT; atssr

serum from Gemini (Calabasas. CA. USA) and NU' serum
from Collaborative Biomedical Products (Bedford. MA. USA). Cell viability was determined by the %ITT reduction assay, as

LPS (from Escherichia coli serotvpe 026:B6 and 0111::B4) and described previously (Han et al.. 1996). In brief, 50 pl of a 5 nmg!

other chemicals were obtained from Sigma (St. Louis, MO, ml solution of MTT was added to each cell culture well con-

LISA). Monoclonal antibodies to glial fibrillary acidic protein taining 0.5 ml medium. After a I-h incubation at 37°C. the

(GFAP) were purchased from Sigma (St. Louis, MO. USA) medium was carefully removed and the formazan crystals were

and to tyrosine hydroxylase (TH) from Chemicon (Temecula, dissolved in I ml isopropyl alcohol by gentle shaking of the

CA, USA). Monoclonal OX-42 antibodies against the rat micro- plate. Absorbance was determined at 570 nm in a microplate

glial surface antigen complement receptor type 3 (Mac-I ((Perry reader (Spectramax 250. Molecular De\ ices Corporation. Sun-

et al., 1985) were purchased from Chemicon (Temecula. CA. nyv\ale. CA, USA).
USA). Polyclonal antibodies to IL-Il% were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA. USA). to Cu/ Lactate' dehy'/dogenase i LDH) ssdy
ZnSOD from Chemicon and to MnSOD from StressGen Bio-
technologies (Victoria, BC, Canada). A modification of the method by Bergmeyer et al. (1963) was

used to determine LDH activity in the culture medium and the

Cell cultures cells. Medium was collected, centrifuged to remove debris and
frozen at -80'C until assay. Cells were freeze-thaw, ed ( x 3) in

The protocols for handling animals and preparing cell cul- 0.5 ml feeding medium, the medium was collected, centrifuged

tures followed the NIH guidelines and were approved by the and the supernatant frozen at -80'C. 50 lit of supernatant and

institutional review committee. Mesencephalic cultures were pre- 100 pl of NADH (1.2 mg/ml HO stock) were added to 850 p.l of

pared from embryonic rats on the 14th day of gestation as buffer and the samples were vortex-mixed, 50 pt. of feeding

described previously (Mytilineou et al.. 1999). In brief, the mes- medium was used for blanks. Triplicate aliquots (250 p.l) were

encephalon was dissected free of meninges and collected in placed into 96-well plates at room temperature and reaction was

Ca2. - and Mg-2 '-free phosphate-buffered saline (PBS). The tis- initiated by addition of 25 pl1 of sodium pyruvate (0.36 mg/ml

sue was mechanically dissociated into a single cell suspension H-0 stock). The rate of disappearance of NADH was measured

and plated in 24- or six-well plates precoated with t-polyorni- at 340 nm using a plate reader.
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(;ll ,a.vL(I radish-peroxidase-conjugated goat anti-rabbit and goat anti-
mouse leG (whole molecule) antibodies (ICN, Aurora, OH,

GSH %as quantified using a modification of a standard recy- USA) in blocking solution for I h at room temperature. After

cling assay based on the reduction of 5.5-dithiobis-(2-nitroben- washing with TTBS the membranes were visualized with ECL
zoic acid) with GSH reductase and NADPH (Tietze, 1969). In Plus western blot detection system (Amersham Pharmacia. Pis-

brief, the medium was carefully aspirated from the culture wells, cataway. NJ, USA).
300 pil of 0.4 N perchloric acid was added and the plates were
kept on ice for 30 min. The perchloric acid %as then collected Statistical aondvsis
and stored at -80'C until assayed. Both oxidized (GSSG) and
reduced (GSH) forms of glutathione are measured with this All data are expressed as means_± S.E.M. Significance of dif-
assay. However, because of the small amounts of GSSG present ferences between groups was determined using one-way anal,,sis
in mesencephalic cultures (515% of total: Mytilineou et al.. of variance (ANOVA) with Tukey-Kramer post-test for multi-
1993), the values obtained were considered to represent GSH ple comparisons.
content.

The tissue attached to the bottom of the wells after removal
of the PCA was dissolved in equal volumes of 20% SDS (sodium
dodecyl sulfate) and 0.5 N NaOH and used for protein deter- RESULTS

rination according to the method of Lowry (Lo\wry et al.. 1951)
with BSA as a standard. LPS causes glial activation in mesencephalic cultures

SOD as.Vw( LPS. an endotoxin used extensively to induce glial

Cells plated in six-well plates \were collected in cold PBS (0.1 activation in vivo (Castano et al., 1998) and in vitro

ml/selh. Three to six wells were pooled for each sample. Cells (Bronstein et al., 1995: Jeohn et al.. 1998), was added

%%ere sonicated on ice. centrifuged at 4000Xg for 10 min at 4°C to the medium of mesencephalic cultures at day 5 in
and dialyzed overnight in PBS at 4°C (Slide-A-Lyzer dialysis vitro. Specific markers for astrocytes and microglia
cassettes. 10 K cut-off: Pierce. Rockford, IL. USA). SOD activ-
it\ %as assayed in 50 (al of the dialysate according to the assay were used to test for glial activation. After 72-h exposure

de~cloped by McCord and Fridovich (1969). modified for use to 10 pg/ml LPS, immunocytochemistry with antibodies

\%ith a microplate reader. In brief. 100 VAl of xanthine solution to GFAP revealed an increase in the number of astro-

(4 mM in 0.01 IM NaOH) and 10 pla of cytochrome C (partially cytic processes compared with the controls (Fig. IA. B).
acetylated: 0.5 mg/nil) wxere added to 900 pt( of 50 mM phos- The number and size of microglia cells labeled with
phate buffer. After the addition of 50 pl of sample, buffer for
bKinks or SOD for standards, triplicates of 250 .ul were placed in OX-42 was also increased after LPS treatment (Fig.

the vells of a 96-well plate and the reaction was initiated by the IC, D). We also tested for the presence of the pro-
addition of 25 p)lA/ell xanthine oxidase (0.7) U/ml in 0.1 mM inflammatory cytokines IL-lI and tumor necrosis fac-
EDTA). The reduction rate of cytochrome c b% superoxide rad- tor-. (TNF-Q). which are secreted by activated gial
icals wsas monitored at 55( nm at 25'C for 10 min. Total SOD cells (Benveniste, 1998). IL-1lP was present exclusixely
actiity, in the samples was determined from a standard curve
and was corrected for protein content. MnSOD activity was in OX-42-labeled cells, indicating microglial localization

determined after inhibition of the Cu/ZnSOD by a 5-min incu- of this cytokine (Fig. IE, F). Labeling for IL-I]P x'as
bation wýith 2 mM KCN. weak in most microglia of control cultures (Fig. IE).

An increase in IL-1f3 immunoreactivity in OX-42-positive

(,talal o. assay cells was observed after LPS treatment (Fig. IF). Anti-

bodies to TNF-ax labeled both neurons and astroctes
Catalase activity was measured by a modification of the and there was no apparent difference in intensity or dis-

method described by Bordet et al. (2000). In brief, cells were
plated in six-well plates and collected in PBS containing a cock- tribution between control and LPS-treated cultures (not

tail of protease inhibitors (Sigma. St. Louis. MO. USA). Three shown).
\%ells (0.1 ml/kselI were pooled for each sample. The cells were
freeze-thtaned once. homogenized. centrifuged at 4000 X g for 10 L PS provides protection against BSO-itdhced to.xicityi
inin and the supernatants stored frozen at -WS0C until use. Cell
extracts containing 50 ug protein were added to 250 Pl of 30
mM HO_ in 5(1 inNI potassium phosphate buffer (pH 7.8) and To examine the effect of glial activation on GSH

the disappearance of H_,O, was measured at 240 ntn for 2 miin depletion-induced damage. cultures were pretreated
an 5s intersals in a plate reader. with 10 pt/ml LPS for 24 h and then exposed to the

GSH synthesis inhibitor. BSO. for an additional 48 h.
'S,,djiiiI dodecIi/d'l d/0 tl/OICOiC(-il CrlIuiidc ife/ el"t tI rliho'e.' L LPS was present in the medium during BSO treatment.

SDS P.-IGE In agreement with our previous studies (Mytilineou et

The dialyzed cell homogenates used for SOD assays were also al.. 1999: Mvtilineou et al.. 1998). BSO at 10 and

used for western blotting. Samples containing 20 tg of protein 50 pM caused significant damage. as assessed by the

%eere mixed Nxith 210 )al Laemmli buffer. The proteins were MTT assay (Fig. 2A). Treatment with LPS significantly
resolved oti a 12% SDS-PAGE (Bio-RAD. Hercules. CA, attenuated the BSO-induced damage (Fig. 2A). Cell via-
USA) and transferred to Hybond`"-P PVDF membrane (Amer-
sham Pharmacia. Piscataway. NJ. USA) for I h at 15 V. using a bility was reduced to 42% and 97 of control values after

Trans-Blot Semi-Dry Transfer Cell (Bio-RAD, Hercules. CA, a 48 h treatment with 10 and 50 pM BSO respectixely,

USA). Membranes were incubated in blocking solution (5% and LPS treatment improved survival to 65% and 56% of

milk. 5' ne., born-calf serurn) in TTBS (20 mM Tris-HCl, control with the same BSO treatment.
5001 mM NaCI. 0.l-% T\%een 20. pH 7.6) at 4°C overnight and
then with polvclonal antibodies to Cu/ZnSOD or MnSOD and
s\ith monoclonal antibody to TH in blocking solution for 2 h. tive concentration) to 50 pg/ml were equally protective

The\ \\cre then oa~lied with TTBS and incubated with horse- from BSO toxicity (Fig. 2B). In the experiment presented
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A Control the major glial component in mesencephalic cultures. lire
120- LPS lOpg/mI important regulators of neulronal GSH (Sagara et al..

1993). we also tested the effect of LPS on GSH levels
C: _100-in cultures enriched in astrocvtes. Astrocvtes were treated

with I or 10 pjglml LPS for 24 hndten exposed to 10

0 pM BSO for an additional 48 h. After BSO treatment
-0 60alone the levels of GSH w~ere reduced to 43% of control

values (Fig. 3A). In cultures treated with I or 10 pglml
~40

LPS. BSO caused an even gzreater decrease in USH. to
20- 14%/; and 13 %/ of control levels respectively. Treatment

with LPS alone caused significant reduction in GSH lev-
0- els as well (to 73% and 76c- of control with I and 10 p.i-/

0 10 50 nil LPS, respectively). Neither LPS nor BSO treatment

BSO (pmr) Caused any loss in the viability olr astrocvtes as deter-
mined with the NITT assa,. (results not shown).

Control Treatment of mixed nettronal-glial cultures with LPS
120 BBO Oa also causcd a sienilicant loss of GSH. reducing the levels

_100- ~to 77% and 2 5%/ of control v alues with I and 10 pgolml.

.2 z respectively (Fig. 3B). Treatment with 10 pM BSO for 48
'6- 80 11 caused severe loss of cells in Cultures not exposed to

-o LPS and the GSH levels %%ere only about 2% of controls.
-0 60- However, the GSH content in the few surviving cells may

0 actually be uinderestimated when expressed in nmol/per
mng protein. as protein measurement includes cell debris

20- still attached to the culture dish. GSH levels in cultures
treated with 10 pMI BSO and I pg/iml LPS were 15% of

0 control values, while 10 uelrnl LPS decreased GSH to
0 1 10 25 50 levels not detectable by our assay. even thoutgh no

[PS (pg/mi) apparent damage to the cells could be observed by

Fi2. 2. [PS protects msn1CeC1ph,ttiC cltRures It-om the toxicity of phase contrast microscopy.
13S( treatiettt. IAi Culture, ssere exposed to 10) tti./tnil LPS for

24 It and t hett treated is ith I10I or 50 p iM BSO to r an additional Possible mtcchtantjsms of LPS protection
48, It in the presentce or absence of' [PS. I B) Cultures treated wNith

ditl'otent contcentration., of [PS for 24 h and then exposed to 51)

pMI BSO for 48 h. Bars shoss mecans± S.EM. oi= 4 per group: j7It'tt of g-owttfiwtIw r~s and ct'tokinr's. Activated elial
these experimients \%ere repeated xi ith sitmilar resultsl. ***P <0.001 cells secrete both toxic and trophic substances. We tested
compared to the correspottding control: ANOVA follow~ed by the effects of insu~lin-like arowth factor-I (IGF-1). trans-

Tttkx -r~tt~e tntltple ottparsots t~t.forming growth factor-3 (TGF-P) and basic fibroblast

cTrowth factor (bFGF). known to be secreted by glial

LPS hOt cix GSII lwevs int a,ýtrocvtes and cells, on the toxicity of BSO in mesencephalic Cultures

It t'Neneep/lcd cultures (Fig. 4). In these experiments BSO-induced damage was
determined by mecasurint, thle amount of LDH released

We examlined whether protection by LPS wvas the into the culture medium. Thle concentration of giroxv.th

result of a direct effect onl GSH levels. Since astrocvtes. factors used w~as 50 or I1)0 ng/ml and was selected for

Tat le t. The effect of L PS Ohta ined fromi d ifferettt E. c/i clones on cell sun sal NI TT reductiott) atnd ['Hidopaniine utptake in nieseneephalic
cultures

L I'S NTT redUCtiOtt V ~oztieUptke

net itt, I I ofti control)1 of control)

Clone 11111 :B4 Clone 026:B36 Clotne 11111 : B4 Clone 026:136

01 100.0 ± 1. 7 1001.0 ± 1.6 10o.0± 3-8 100.0 ±1.7

0,.1 97.5± L;5 9S.1 ± 3.1 91.3 ± 1.8 99.2 ±3.9

11001.2 ± 01. 98.6 ± 1,0 99.2 ± 3.4 97.8 ± 1.9

Ii0 9S.6 ± 1.9 99.7 ±2.7 97.2 ± 1.4 93.S ±6.7

100t 96. 5± O.S 92.5 ±3.6 96.3 ±4.4 93.1 ± 2.5

11)0 00 91.7 ±0.; 98.i5±2.9 89.01± 1.4 98.0 ± 6.7

Nlesetteephalic cultur Nesier exposed ott thle fifth day in vrkro to [PS for 24 h and then treatted again \is ih LPS for an additional 48 ht in

order to duplicate tte eottditiotts used in the experimetnts examining the effect of LIPS on the damiage caused by GSH depletion. MITT assa\

and [V1H1dopamnine uptake "sas performed at the end of LPS treatntent. ANOVA showed no siptifieant differences in NITT reduction or
II (d1cOpa 1itte Utpta ke folloss in tePS t reatnmen t-
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AControl maximal trophic activity towards neurons (Bouvier and
c 50- BSO 10aM Mytilineou. 1995). bFGF protected mesencephalic cells

.6 ~front toxicity, at the lower concentrations of BSO (5 and
Z 10 pIM: Fig., 4A). With 50) pM BSO the damage was

0) extensive (641/ of total LDI- was released into the
E mnedium) and bFGF wats unable to confer any protec-
05 25- tion. Neither TGF-P nor IGF-l had any effect on BSO
E: toxicity (Fig-. 4B, C).

A number of pro- and anti-inflammatory cytokines are
secreted upon activation of glial cells (Aschner, 1998;

0 - Giulian et al.. 1993; Minghetti and Levi. 1998). We

0 1 10 tested %,,hether the pro-inflamnmatory cytokines IL-lB,
LPS ([g/ml)interferon-1 (INF-y) or TNF-a can modify BSO-induced
LPS (g/mI)toxicity. As shown in Fig. 5. exposure to IL-1f3 signifi-

B Control cantlv increased BSO toxicity. while INF-y (50 or 100 ng/
c 30- BSO l0UM ml) and TNF-a (20 ng/mI) had no effect (results not

show\n). The cytokines IL-6 and IL-10 (50 or 100 ngl/

0. ~ml). which can have anti-intlamniatory properties and
OP 20- may be ne uroprotective. were also tested but failed to

Z__ provide protection against BSO toxicity (results not
0
E showýn I.
C: 10-

U, L pU1-rL'gzllation ol antioxvidant C'lie.LPS has been

n ND show\n to up-regulate the antioxidant enzyme SOD in

0. -N glial Cultures (Del Vecchio and Shaffer, 1991 Nlokuno
0 1 10 et al.. 1994). We examined the effect o1' LPS treatment

LPS (lag/mI) (10 Pgliml for 48 h) on SOD and catalase activity in
FiLt .Tetetwt P assrdcini S mesencephalic Cultures. Treatment with LPS caused a

purified astrocstes and mesencephalic cultures. Astrocvtes and greater than two-fold increase in M~nSOD activity, but
mesencephalic cultures \%ere e\posed to I or It) pg/mI LPS for 24 h had no s;ianificant effect On CU/ZnSOD (Fig. 6A). Cata-
and then treated wsitht 101 ' M BSO for an additional 48 ht. LPS lase activ.ity was not altered by LPS treatment (catalase
decreased (Si~t lexels in astrocstes (A) and potentiated the deple- atvt fe ramn ih 1 gm P a
tint caused b% BSO. In niesencephalic cultures (B) ILPS lowered

GSH content significantl\. particularly at the higher concentratiott 106.7 ±6.1% of control values, n=3/group). NMnSOD
Mesencephalic Cultures treated wsith BSO had minimal cell survi~al protein levels xvere also higher after LIPS treatment
attd %er\ lo\\ GSH levels. In the presence of 10 pg/mI LIPS and (Fig. 6B1. with no change in CU/ZnSOD. To test the
BSO OSH lexels w'ere not detectable INrD. althougth there was no possibility that increased levels of SOD played a role in
apparent damage to the cells. Bars showk means ± SEA!. In =4 per

grou) ~ <0001 ANV-\tolowedby uke..Kame muti- the protection from BSO toxicity we treated Cultures
pie conmpatrisons test. with BSO in the presence or absence of' SOD. Cu/Zn-

SOD or MnSOD added to the medium at 300 or 500
ti/nd. provided significant protection from BSO toxicity
(Fig. 7.

AControl B___Control -iControl

75- bFGF 75 TGFP-) 75- I GF-l

05

0 5 10 50 0 5 10 50 0 5 10 50
BSO (pM) BSO (uM) BSO (iýM)

Fivt. 4. The effect of growth f~actors on BSO toxicitN. - esencephalic Cultures wxere treated with 50 ng/ml bFGF. TGF-)3. or

IGF-l for 24 h before exposure to BSO for an additional 48 ht. Gromxh factors were present during BSO treatment. LDtH

releaised in the medium was expressed as percent of total LDH (medium -cells). Bars show means ± S.EMN. lit = 12. from three

separate experimentsi. ***<0.001: ANOVA followed by Tukev-Kramer multiple comparisons test. Similar results were

obtained wxith 100 ng/nil growth factors.
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100- within neurons (Fig. 8A-C). No difference could be

observed in Cu/ZnSOD labeling between control and

-r - 80- LPS-treated cultures (Fig. 8A. D). Labeling for
q 1MnSOD was punctate, reflecting its mitochondrial local-
E 6-ization (Fig. 9). In control cultures, MnSOD was present
E primarily within neurons, as demonstrated by its
.2 0

40 .co-localization with MAP-2 (Fig. 9A-C). The intensity
4 of MnSOD labeling in the neurons did not seem affected

S"otrlby LPS (Fig. 9D-F), though non-neuronal labeling was
20 IL-11 substantially increased. Under control conditions, little

MnSOD immunoreactiity could be found in GFAP-
01 positive astrocytes (Fig. 9G-1). After LPS treatment.

0 10 20 30 40 50 however, very intense labeling appeared within GFAP-
positive astrocytes (Fig. 9J-L). The somewhat weaker

BSO (pM) MnSOD label in the neurons of the LPS-treated cultures

Fig. 5. The effect of IL-lfp on BSO toxicit\. Mesencephalic cul- (Fig. 9D) is due to the very high intensity of the fluores-

tures were treated with 501 ng/ml IL-103 for 24 h before exposure cent label in the surrounding astrocytes. which prevents
to BSO for an additional 48 h. IL-I[ was present during BSO accurate photographic representation.
treatment. LDH1 released ill the nCdiL um was expressed as percent
of total LDH (mlcdi um +celis). Bars shoks means ± S.E.M. (n = 10-
12. from three separate experiments). ***P<f.()01 : **P<0.01:
ANOV\ 'ollossed b\ Tukey- Kramer multiple comparisons test. )ISC(LSSION

Our study shows that LPS protects mesencephalic cul-

The localization of Cu/ZnSOD and MnSOD in mes- tures from damage caused by the inhibition of GSH syn-
enccephalic cultures was examined using antibodies spe- thesis with BSO. LPS treatment caused activation of glial
cilic for the t\\o enzymes. Labeling for CuI/ZnSOD was cells. which was confirmed by the changes in morphology
diffuse and was present at varying intensities mostly and the increase in the size of microglia (Kreutzberg.

A Control
.T'-- LPS (10ug/ml)

1.5

>.'A'
t5
< CL-1.0

0.0
Cu/Zn SOD Mn SOD

B 1 2 3 4

TH

MnSOD

Cu/ZnSOD 4,I:•
Fig. 6. LPS treatment up-regulates MnSOD in mesencephalic cultures. Cultures were treated with 10 Pg/ml LPS for a total of

72 h. (A) SOD activity, measured in triplicates from pooled cells, from three separate experiments. Bars show means ± S.E.M.

i= 3). *P < 0.05 Student's t-test. (B) %\estern blots of lysates from control ilanes I and 3) and LPS-treated (lanes 2 and 4)

cultures from two independent experiments. Antibodies to TH and NMnSOD were applied to the same blot. Separate blots
from the same lysates were used for Cu/ZnSOD.
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150 F -71 C u/ZnSO Dthe i ltn hli ilam m tor\ respons e of' gial cells causes oxidative

50 ___ u/nSOD stress and has the p-otentLial to cause oxidative damage to

0-tilec Cultured cells. Inl addition. eXPOSUre of mesencephalic
100 2 oocuIltureCS to Ill-I p increased B3SO-indluced damage. indi-

'a 0 aba.b caltine~ that under conditions of oxidative stress ILI
T released by acti~ated inicroglia Could contribute to neu-

06

50 - rodee-eneration. Ho~xever, in spite of' these apparently

a harmiful clrects. the overall result of LPS treatment was
a it significant protection from toxicity, suggesting that

C0 O S 0 LPS mlay Cause both pro- and antioxidant changes and

[iii. -1. Additioni of SODt protcctý mleSCIenPh)l iccultUIC 1're om tIr ucSystemW
[ISO to'Cit, C ulture, e~~ccpoecd to 500) L mnl ( uI//.nSOD oI Both1 astrocx tes and mnicroglia have the potential to
,00) 1 L/nil tIIISO) \601 or %\ithOtit 50) ll~ 1151). Supr\IiTrla tr~~l l ito(neee
pertornmcd 48 h aftier BS) Irca ti en t to dletelmitti cella i i ptoiespotoI eir aIsria nrr neee
Bars shoiime~ n cn± St. t i w= I for Cu/l rS() grotir, and A_. 1991: Hou et al.. 1997: Nat-ata et al., 1993:
)i= S for \ II SO) t) 'ArouI tor CulL uSOD a lone. ni = 7): a diffet, WMa 11ev et til..1992: Takes hinma et alI 1994). Ast ro-

Iro con101 IOI 'O P 0.001 h di tlell trout1 BS( ) at on. P' 0011 I cv tS StIm ila ILt e nle aroMnaI gro~xt h, survival and regenera-
,\No\)"\ tollIon d h% hi k C\ Ki rantr nultipic conulparn~ol1 I~t tilon b\ secretion of' trox' th factors and extracellular

matrix proteins ( Fawcett. I1997: MIutller et aL.. 1995). Fol-
lomi in acti\ anon. astrocytes secrete both pro- and anti-

I 9)6)() and b\ the increased numbe1Ihr of' (i API-posi uk C inflaniatorx cx tokines and groks th factors (Aschner.
ast roes tic procesýses (A .\'llehnr. 1998). The pro-inllfamnxtll- 1998). kWe examined k~ ether actixated gflial cells pro-
to]". cvtokine IL-I10 %x as also increased inl microglia a fier tected fromn daig CMse b\ H depletion through
treatment \\ith ILPS. a futher-lll indication of' an acti\ ated thle ýsecretion of thle ,roms h fcto0rs bFG F. IGF-I and
state (G~iiilian et Ai.. I1994). TGF-13. Inl a pres titLs study we showked that bEGE

Ill our Culture systemi. LPS treatmlenlt did not cauLSe reduced thle damageIt cau~sed by. combined 6-hyd roxydop-
apparent cell death or reduction inl thle uptake of' dopal- amine and BSO treatment of miesencephalic cultures
Mine. al~though21 it has. been pres iouslv reported that LPS U-lou et al.. 19971. in thle present experiments bFGE.
is selectiselx tox\ic to dopaineIllI neurons Inl mIsecrcephatlic itsed at concentrations that produce mlaximumLI trophic
cultures ( Broistein et al.. 1995). Differences in thle cell effect in cultutred neuron01s I Bouvier and Mvtilineou.
Culture conditions are likel\ thle cause of' this aIpparentl 1995). provided some protection fromn BSO toxicity
discrepaiuev. flosses er. inl spite of lack of cell dleath. LPS when damnage wkas not extensive. but it ss as substantially
treatmlent resulted inl oxidattise stress. which "sas implied less effective than ILPS. Therefore. it seems unlikely that
by the reduIctionl in GSFI content in both astrocvte~s and secretion of bFGE by activated ilia can by itself explain
mixed neutron01Ml Cultures. Furthermore. LPS potentiated the protectis e effect of' LPS treatment. although1 it max
thle effect of' BSO onl GSI- depletion. IishCh SuggIeSts tha~t be contributory. TGF-f3 and IGE-! had no effect. LPS is

Cu/ZnSOD MAP2 Overlay

1..

0

C.

Fit,_ S. Initunoextochemical locatlization of CuIZnSOD in rnesencephatuc cultures. Control (upper- Panel) and [PS-treated (10

UL/11l for 72 h : lo%%er pMtnehClettlure, \\ere double labeled for Cu/IlnSOD (A. D) aind \IAP-2 (B. E). 0' inlay of the tio

mnaLies I C. [I shion% predominiant lv neu ronal local ZRiOn Of CU/IInSOD and not apparent chan-ges aftier t reatimen t jibh LPS.
Sc:ale bar =25 urnl.



369

MnSOD MAP2 Overlay

0

io

MnSOD GFAP Overlay

0

(i

Ui,,i

a.-
-J

I.-

w ! , ' \1 I I a .n h s()D , ,i d

: . .',! -.li • :lll' .'.•.: ', • 1)), \ !11ch d id n• ) -o -! •;h '< '• !

to~ in at-

'+I~ ~ ~~~~~~~~~~1. "• + , l t i,•'1<+t< ,'; lIl-11)00 \ et". al..t

- - c In puti:. to tIR: ot~nc~ @ extra-
\,\i \Hi . -- ID2i t - ' l',c-'. ) ir. tIl.. 1998:

-:' , ! , t n•' .R . it i- Ixw ]t.' that

, i . "- l U N c, t flr'\ i xi t" :.T' lagainst



"17 ) B3 C. Kramer ct al.

ischernia (Ahmed et al.. 2000: Bordet et al., 2000; There are several potential sources of O2 formation in

Dazson et al., 1999: Tasaki et al., 1997). The beneficial cells, including oxidative phosphorylation used by the

effect paralleled the induction of inflammation and was mitochondria for the generation of ATP. 02 is also

attributed to a compensatory activation of SOD by LPS formed during the metabolism of arachidonic acid by

(Bordet et al., 2000). Exposure of neuronal and glial cell lipoxygenase. when hydroperoxyeicosetetraenoic acid

cultures to LPS also up-regulates MnSOD, the inducible (HPETE), the primary product of arachidonic acid

form of SOD present in the mitochondria (Kifle et al., metabolism, is converted to hydroxyeicosatetraenoic

1996: Yu et al., 1999). In our study we found that LPS acid (HETE: Katsuki and Okuda, 1995). Our results

caused a significant increase in both protein content and suggest that 0; molecules play a very important role

activity of MnSOD in mesencephalic cultures. The in the toxic events that follow GSH depletion. Merad-

increase in MnSOD protein occurred primarily in Saidoune et al. (1999) also reached a similar conclusion

GFAP-positive astrocytes. There was no change in the in a recent study showing that over-expression of

protein content or activity of Cu/ZnSOD. the constitu- MnSOD prevents mitochondrial damage caused by

tive form of the enzyme present in the cytoplasm. In GSH depletion. Normally the concentration of 0- in

addition, we found no change in catalase activity, in the cells remains low as a result of the action of SOD.

agreement with the results obtained by Bordet et al. However, during GSH depletion SOD may not be able

(2000). showing increased brain SOD activity but no to handle the excess 0- generated from. among other

changes in catalase after in rimo exposure to LPS. Acti- sources, the metabolism of arachidonic acid by lipoxy-

Nation of glial cells causes up-regulation and secretion of genase. Arachidonic acid can also promote the genera-

a number of pro- and anti-inflammatory cytokines, tion of reactive oxygen species by directly inhibiting the

growth factors, as well as potential toxins (Minghetti mitochondrial respiratory chain (Cocco et al., 1999).

and Levi. 1998). which makes it difficult to pinpoint at When 0- levels become high, nitric oxide (NO) com-

a single factor as the one responsible for the protective petes with SOD and combines rapidly with 0, to form

effect of L.PS. Hoý,ever. a possible role for SOD in the peroxynitrite (ONOO-). The damage to mitochondria

LPS-induced protection ý\as supported by the finding caused by GSH depletion in neuronal and glial cultures

that addition of Cu/ZnSOD or MnSOD to mesence- has been shown to be the result of peroxynitrite produc-

phalic cultures reduced the extent of BSO-induced dam- tion (Bolanos et al., 1995). Peroxynitrite can damage

age. Both Cu/ZnSOD and MnSOD catalyze the cells because it reacts with proteins acting as a selective

dismutation of 0. and they would be expected to have oxidant and nitration agent (Bartosz, 1996). Nitrotyro-

a similar effect when added to the culture medium. sine is the product of the reaction of peroxynitrite with

Although the effect of exogenous SOD was likely extra- tyrosine and tyrosine residues (Reiter et al., 2000). The

cellular, the protection observed probably resulted from presence of nitrotyrosine in postmortem tissues in PD

scavenging of excessive 0, generated as a consequence (Good et al., 1998) and other neurodegenerative disor-

of GSH depletion. which may have passed into the extra- ders (Abe et al.. 1995: Good et al.. 1996: Sasaki et al..

cellular space. This is supported by a study showing that, 2000), indicates that increased concentrations of 0- may

in co-cultures of striatal glia and mesencephalic neurons, contribute to their pathogenesis. Our data suggest that

the depletion of GSH by BSO caused extracellular accu- up-regulation of SOD activity may provide protection

mulation of ROS and cell loss, which was prevented by from oxidative stress and delay the progress of neurode-

addition of SOD and catalase (Drukarch et al.. 1998). generative diseases and in particular PD. where depletion

Further experiments will be needed to identify the exact of GSH may play a role in its pathogenesis (Jenner and

source of O in GSH depleted mesencephalic cultures. Olanow, 1996: Sian et al., 1994).

although damage by O., or its downstream ROS. would Our study also illustrates the dependence of neurons

not necessarily be restricted to the cells of origin. on the surrounding glial cells. During conditions of oxi-

The selective increase in MnSOD in astrocytes coin- dative stress, such as GSH depletion, the state of the

pared to neurons is interesting and suggests that stimu- surrounding glia can determine whether neurons will sur-

lation of astrocytes by LPS is likely involved in the vive or die. Understanding of the relationships between

up-regulation of MnSOD. It is also of interest that a neurons and glia should provide further insight into the

selective increase in SOD within astrocvtes results in process of neuronal degeneration. which contributes to

the protection of all cells from oxidative damage. How- the progression of neurological disorders.

ever. this concept is in agreement with numerous studies
indicating that astroctes can protect neurons from var-

ious oxidative insults (Desagher et al.. 1996: Drukarch et Acknouhudu,,tment.N --Sutpported b\ funds from the lUS Army

al.. 1998: Hou et al.. 1997: Langeveld et al.. 1095: Park (DAMDI7-9919557) and from the Bachmann-Strauss Dystonia

and Nlvtilineou. 1992: Wilson. 1997). and Parkinson Foundation.

REFERENCES

Abe. K.. Pan. LH.. Watanabe. M.. Kato. T.. lto,.ama. Y.. 1995. Induction of nitrotyrosine-like umnLunoreacti\it\ in the lo\\er motor neuron of
amr otrophic lateral sclerosis. Neurosci. Lett. 199. 152-154.

Ahmed. S.H.. tie. Y.Y.. Nassief. A.. Xu, J.. Xa. X.M.. Hsu. CA.. Faraci. F.M,. 2000. Effects of lipopolysaccharide priming on acute ischemic

brain injur\. Stroke 31. 193 199.



LI'S protect, fromn toxicity induced by (iSH depletion ,7 1

Aschner. MI.. 1998. Astroextes as mediators of' immune and inflammatory responses in the CNS. Neurotoxicology 19. 269-281.
Bartosiz. Gi., 1996. Perox~nitrite: mediator of thle toxic action of' nitric oxide. Acta Biochim. Pol. 43. 645--659.
Benseniste. E.N.. 199S. Cxtoktnc actions in the central nervous system. Cytokine Growth Factor Rev. 9. 259-275.
Benv~entite. E.N.. Sparacio. SAL.. Norris. 1.G.. Grenett. H.E.. Fuller. G.M.. 1990. Induction and reitulation of* interleukin-6 gene expression in rat

astrocytes. J. Neuroimnmunol. 30. 2(11-212.
Beritmever. H.L-.. Bermi. E.. Hess. B.. 1963. Lactate dehxdrogenase. In: Bergmever. H.-U. (Ed.). Methods of Enzymatic Analysis. Academic

Press, New York.
Bolanos. i.P.. lklejle. S.3.. Land. J.M.. Clark. JB.13 1995. Effect of peroxynitrite on the mitochondrial respiratory chain: differential susceptibility

of' neurotics and astrocy tes in primary culture. J. Neurochemn. 64. 1965-1972.
Bordet. R., [)eplanque. D., Nlaboudou. P.. Puisieux. F.. Pu. Q.. Robin. E., Martin. A.Bastide. MI.. Leys. D.. Lhermitte. M.. Dupuis, B.. 2000.

Increase in endogenous brain superoxide disniutase as a potential mechanism of lItpopolysaccha ride- induced brain ischemic tolerance. J. Cereb.
Blood Flow Nletab. 21). 1190 1196.

Boux ier. M.M.. Mix tilineou. C,. 1995. Basic fibroblast growvth factor increases division and delays differentiation of dopamine precursors in ritro.

J. Neurosci. ISý. '-141 7149.
Brontstein. DAM.. Perez-Otano. L,. Sun. V.. NMullis Sawýin. S.B.. Chatn. J., Wu. G.C.. Hudson. P.MI.. Kong. L.Y.. Hong. I.S.. McMillian, M.K..

1995. Cilia-dependent neurotoxicit\ atnd neCUroprotection in mesencephalic cultures. Brain Res. 704. 112-116.
(.astaito. A.. H-errera. AlJ.. Catto. J., Niachado. A.. 1998. Lipopol~ saccharide intraniizral injection induces inflammatory reaction and damage in

nigrostriatal doparinhergic sxstem. J. Neurochemn. 70. l584- 1592.
Clemens. l.A.. Stephenson. D.T.. Smalstig. E.B.. Roberts. EF.. Johnstone. E.M.. Sharp. 1.D.. Little. S.P.. Kramer. R.M.. 1996. Reactive glia

express cy to.solic pltospholipase A2 after transient global f~orebrain ischeinia in the rat. Stroke 27. 527 .535.
(.occo. T.. Di Paola. MI.. Papa. S.. Lorusso. NM.. 1999. Arachidonic acid interaction with the nsitochondrial electron transport chain promotes

reatcttxe oxxeen rpecies generation. Free Raldic. Biol. Med. 27.,l-9
Colteti. Gi.. Kesler. N.. 1999. Monoamine oxidase and mnitochondrial respiration. J. Neurochem. 73. 2310 -2315.

Daxvion. D.A., Furuxa. K.. Gotohl. J., Nakao. Y.. Hallenbeck. JAL.. 1999. Cerebrovascular hemodxnamics attd ischemnic tolerance: lipopolysac-

charide-inldUCCd resistance to focail cerebratl ischernia is not due to changes in severity of' the initial ischemnic insult, but is associated with

preserx ation of microvascular perfusion. J. Cereh. Blood Flow Nletab. 19. 61 6-623.
D~el Vecchio, P.J.. Satrifer. J.B.. 1991. Regulation of' antioxidant enzyme expression in EPS-treated bovine retinal pigment epithelial and corneal

entdothelial celk, Curr. Exe Res, 10I. 919 -925.
IDesaehler. S., Cilo%%itt~ki, J.. Premnont. J.. 1996. Astroc\ tes protect neurotns froin hydrogen peroxide toxicity. J. Neurosci. 16, 2553-2562.

IDcxtc. D.r.. Siant. J.. Rose. S . Hindmirslt. 1.G.. Mlann. V.Mv.. Cooper. 3.M.. Wells. F.R.. Datniel. S.F.. Lees. AlJ.. Schapira. A.H. et al., 1994.

Indices of' oxtdaitix e stres, and mitochondrial function in indi% iduals witht incidental Lexvy body disease. Ann. Neurol. 35. 38-44.

Drukarch. B.. Scherens. E.. Stool'. I.C.. Langeveld. C.H., Van Muisxvinkel. F.L.. 1998. Astroex te-enhanced neuronal survival is mediated bx

scatxengtttg of' extraLcellular reactive oxygen species. Free Radic. Biol. Med. 25. 217-220.
Etteclc. J.. Schunbert. D).. Boltn. MI.C.. 1991. Conditioned media derived from glial cell lines promote survival and differentiation of dopaminergic

neurons i tit r. i- role of' ntesncephalic glia. J. Neurosci. Res. .0.3-59 371.
FVa\cett. 1.W.. I199-. .\troc\ tic attd neuronal factors affecting axon regenteration in thle damaged central nervous systemn. Cell Tissue Res. 290.

3711-377.
(jiulian. D., Li. J.. L~eara. B.. KLeenen. C.. 1994. Phinzocytic microqliai release cxtokines and cytotoxins that regulate the survival of astrocytes and

iteuron', in CuLOW-e NeUrochem. Int. 25, -7-23i.

(jiulian. D-. Vaca. K.. Corpuz. M., 1991. Brain elia release factors xx ith opposing actions upon neuronal survival. J. Neurosci. 13. 29-37.

Good. P. .. Hsu. We. krner. P.. Pen. D.P.. Olano\s. CA.W. 1998. Protein nitration in Parkinson's disease. J. Neuropathol. Exp. Neurol. 57. 338-

3,42'
Good. P.F.. Wertter. P.. Hsu.fA, lattoxv. C.W.. PerI, D.P.. 1996. Evidlence of neuronal oxidatixe damage in Alzheimer's disease. Am. J. Pathol.

14,-19 1 228.
Ciruol. D.L.. Nelson. T.E.. 1997. Phy siological and pathological roles of interleukin-6 in the central nervous system. NMol. Neurobiol. 15.31)7-339.

Hait. 5.K.. Nix tilineou. C.. Cohen. Gi.. 1996. L.DOP.- up-regulates glutathlione and protects mesencephalic cultures against oxidative stress.

J. Neurochem. 66. i01-5 Iu.
I ou. ICG.. Cohent. Gi.. Nx ~tilincou. C.. 1997. Basic fibroblast eroxvth factor Stimulation of glial cells protects dopamine neurons from 6-hydrox-

ydopamline tox;:crt\ : tnxolxement of' the itlutathione system. J. Neurochern. 69. 76--83.

leniter. P.. Olanoxx. (j\N* 19L'st. Oxidatie stress and the pathogenesis of' Parkinson's disease. Neurology 47. S161-170.

Jeohn. G.H.. KoneL. L.Y.. Wýilson. B.. Hudson. P.. Hong. I.S.. 1998. Synergistic neurotoxic effects of combined treatments with cytokines in

m11uriite prirnarx mixed neuron/glia Cultures. J. Neuroimmunol. 85. 1-I10.
Katsukt. H.. Okudar. S.. 1995. Arachidonic acid as a neUrotoxic and neurotrophic substance. Prog. Neurobiol. 46. 607-636.

Kifle. Y.. Nionnier. J . Chesroxxn. S.E.. Raizada. NIK.. Nick. H.S.. 1996. Regulation of the mang~anese superoxide dismtitase and inducible nitric

oxide synthase gene in rat neuronal and itlial cells. J. Neurochem. 66. 2128-2135.

Kretttzberg. GAW.. 1996. Nlicroglia: at sensor for pathological exenits in the CNS. Trends Neurosci. 19, 312-318.

Latigexeld. C~.H.. lonigenelen. C-A~.. Schepens. E.. Stoof. I.C.. Bast. A.Drukarch. B.. 1995. Cultured rat striatal and cortical astrocytes protect

meseticephalic dopamlinereic neurons against hydrogLen peroxide toxicity independent of their effect ott neuronal development. Neurosci. Lett.

192. 13 16.
Li Y.. NMaher, P.. Sc:hubert. D.. 199-7. A role for 12-lipoxygenase in nerve cell death caused by glu1tathione1 depletion. Neuron 19. 453-463.
Litt, B.. DlU. L.. Hosng. J.5.. -D)OO. Naloxotte protects rat doparninergic neurons against inflammatory damage through inhibition of microglia

actixatioti and superoxide getneration. J. Phartnacol. Fxp. Thler, 293. 607-617.
Loxrx. O.H.. Rosebrough. N.J.. Farr, A.L.. Randall. RIJ.. 1951. Protein measurement xwith the Folin phenol reagent. J. Biol. Chem. 193. 265-27~5.

Niakar. T.K.. Nedereaard. NI.. Preuss. A.. Gelbard. A.S., Perutnal. A.S., Cooper. A.J.. 1994. Vitamin E. ascorbate. glutathione. glutathione

disultide. and enez mes of glutathione metabolism in cultures of chick astrocytes and neurons: evidence that astroex tes play an important role

in antioxidaitr% processes in the brain. J. Neurochemn. 62. 45.53.

.McCarthy. K.D.. &e Vellis. J.. I1980. Preparation of separate astroglial and oligodendroglial cell cultures from rat cerebral tissue. J. Cell Biol. 85.

890-9o2.
McCord, J.M.. Fridoxich. L.. l)69. Superoxide dismutase. Ani enzvmlic function for erythrOCttprein (hemocupreini. J. Biol. Chem. 244, 6049-6055.

Meister. A.199 1. Gltat~thione, deficienc\ produced by inhibition of its synthesis. and its re\versal: applications in research and therapy. Phanmicl

Ther. SI. 155-104,
Nlerad-Saidoune. NI . Boitier. F.. Nicole. A.. Mlarsac. C.. Niartiniou. I.C.. Sola. B.. Sinet. P.M.. Ceballos-Picot. 1.. 1999. Oxerproduction of Cu/Zn-

superoxide dirn~utarse or Bcl--2 prexents thle brain mitochondriail respiratory dysfunction induced by itlutathione depletion. Fxp. Neurol. 158.

428 436.



172 B. C. Kramer et al.

NI im fhetti. L.. Le[cx G.. 1998. NI icroitIa as etfector cells in brain damnage and repair: fbCUas on prosta noids and nitric ox ide. Prog. Neurobiol. 54.
99 l25.

NIokunob. K. Oh tani. K.. SxiZitm ira. A.. K i osaxxa. K., Hi rose. Y.. K :ixxai, K.. Kato. K.. 1994. I nd uction or nut nga new [ICSuSperox ,ide d ismutatse h\
cx tokines and lItpopol\ saccha ride in cultured moutse astrocx tes. J. Neurochern. 63. 012- 61.

Mloore. SNA.. YVoder. E.. Nlur11phx . S.. Dutton. G. R.. Spector. -NN.1991.- Astrocxtes. not neurons, prod uce docosahexacnoic acid III orlegai-3 and
arachidonic acid 120t:4 orntea-61. J. Neurochern. 56 (Of. 518 5214.

NI xi 11r. II. . Jkunithjn U~.C . K appler. I.. 19W. Ast rottiial ren rot roph ic atndl netirite-promloting fact ors. Pharniacol . Ther. 65. 1 1 8.
Nlv~tilineouI. C.. Han. S.K.. Cohen. Gi.. 1991. Toxic and protectix e effects of L-dopa onl nesencephaliC Cell Cultures. J. Neurochetti. 61. 147(0-1478.
Nl~Ix Ii eon. C.. K okotos Leonardi. F.T.. K ratter. B. C.. Jarni nda r. T.. Olano%%. C.W.. 1999. Ciiial cells rned late toxicit\ in ci utathione-depleted

meseticephalic cultures. J. Neurochern. 73. 112- 119.
Nlxtilitteou. C.. Leonardi. E.K.. Radcliffe. P.. Heinonen. E.H.. Hall. S.K.. Werner. P.. Cohent. G., Olano\t. C.W.. 1998. Deprenyl and desme-

tim Isclegiline protect mesencephalic neurons front to~xicitxý induced by glutathione depletion. J. Pharniacol. Exp. Ther. _284, 71)0-7016.

Naunata. K.. Takei. N.. Nakajimna. K.. Saito. H.. Kolisaka. S.. 1993. Mlicrortlial conditioned medium11 promotes surx ixal and developmenit of~
cultured tiesencepbalic neurons fromt ernbr ottic rat brait. J. Neurosci. Res. .34. 357.363.

Oka. S.. Arita. H.. 1991. Itilianutmatorx factors stimulate expression ofgroup 11 phosphiolipase A2 in rat cultured astrocx tes. Txxo distinct pathwxays
of thle gene expression. J. Biol. Client. 266. 9956-9960.

ONvlallex. E. K.. Sieber. B.A.. Black. l.B.. Drcrfus. C.F.. 199-2. Nlesencephalic type I astrocytes tmediate the Sitri ial of' subtatttia rtigrxt dopamni-
nlercic neurons iti culture. Braiti Res. .582. 65 7.7(

(YNlallcx. E.K.. Sieber. B.A.. NMorrison. R.S.. Black. l.B.. Drexfus. C. F.. 1994. Nigral type I astrocytes release it soluble factor that itncreases

do p.antioCr~it inenuroin sUit x xa th ro ugh mechanistms distitnct from basic tibroblast groxx thI factor. Brain Res. 647. 83 901.

Park. r. F .. Nix t iinou. C. 1992. Protect ion front I-mect h8 l.4-pheityIipyrid in tintI (NI PP+ I toxicity atid Sti niulat ion of regroxxh ol NIPPi + -dainiaged
doptitlittcrusic fiber, h\ treatment of' tinesncephaliC Cultures xxith EGF attd basic FGF. Braiti Res. .599. S 3 -97.

Pertx %. I.L.. (jodint. DA ... IL~inisen. S.. 1982. Pa rkinsotn's di ~ease : a disorder dute to ilii ral ci utathiotie deficienexý " Necurolci. Lett. 33.31)5-311).
Pcrrxý .[Nl.. Humtie. D.AN.. Gjordoni. S.. 198i. Ititiuttoh istocltetiica I localization of tmacrophages aid microglia in thle adutlt and dexelopi og mouse

braitt, NenIroscMicti 15. 11331,
Penehit.II S.. B~olanios. J .P.. Flea les. S.J. . -Nlincida. -N.. DLICheti. NI.R... Cla rk. 3.11.. 1997. Ittterrelatiotnshi p, bcx etie ast roe> te fuiniction, oxida t x

stress atnd atitox idatit Statuts xx itbin thle ccittral etier ots %x stein. Proc. N eurohiol. 52. 2-61 -28 1.

Reitcr. C.D0.. TFell,-. RJ .3 Beck man. 3.S.. 200i0, Su peroxide reacts xxi ti tinitc oxide to titrate t rosintc at plt swio ogical pHi x a peroxynit rite. J. Biol.

Sacara. 3.1. Nliitra K. BLiIIIai. S.. 1991. NMaintetnatice of neturonal gI ttathiotte bxý glial cells. J. Ncurochein. 01 . 1672-1I 6%.
S~ilaki. S.. Shib ita \.. Kottori. T.. lxx ata. NI.. 2000,) iNOS and nitrotvrositic immuitoreactix itx iii anivotrophic lateral sclcrosis. NeUrosci. Lett.

291. 44 4S.
Storitick. L. P. Hol tzmn' . N .1.. 1993, N cr> pt ic. mticroorna I-tx pe a rach idotiate 12-li poxxcettase is toflicalki > ac lixated b\ oxidatiom-redutct ion

cOttdIt 110ioS ill ttlt ured epithelijal cells. J . Biol. Chientt. _26,. , 1 -370.
Sijit. J.. Dexxter. DJ T Lees. -NJ. - DaiijeL. S.. Vid. 't .. jax ox--N cid. F.. Jen icr. P.. NIa rsdeit, C. D.. 1994 N\I tera tionis in eUl Utathi Ii jote xels inl

Park intson's disex and othter iletirodegeilerat x disorders af fect inc basal gang lt-it. iin. NenrlU-1 . '4>7 55.
Solic. E.. Laminý K.\%. Jell imlee. K.. Riederer. P.. 1992. Reduced aiid oxidiced 'el uta tlhone ii thle sobstant; ii. tra of I tients xx itli Parkitnsons

disease. xNerosci. Lett. 142. 128--131).
StellIa. N.. F ix llx N. Sicilialno. 3.- Tence. NM.. Desaclter. S.. Piornilli. D.. Cilox iitsk i. J .. Premotit . J.. i-.IniterleIK in.I- etlihaices the .- TP-

cx oked i xlxa,ý of iraixhidotiix ixid front nmouse astroex tes. J. Netirosci. 17. 2939-2946.
Stepierit-on D.. Ratsit K. Sm tlstig. B. Roberts. E.. Johnsionie. E.. Sharp. J.. Panietta. J.. Little. S.. Kr.imcr. R.. Clemetis J.. 1999. Cx tosolic

hlpli~hOlipa Ax-N i1 it~d xxd iii reacix e iixglixi follokixl difcxlferenit formis ofi tiuroxlcenciratioit. Cilia 2. I 12;ý I_`.
Stephienson. 0 T. MNImtta JA".N \% bite, DL.. Cliiou. X.Ci . Cox. L.. (jitter. B.. MN~a. P.C.. Sharp. 3.0.. Kramter. R.NI.. C.lernixis. J..-.. 1994.

GICilcinIIIllsxitsti x \10to0lix plIOspholipase A-N2 (cPLA-N2) is expressed ini hluman braini astroex tes. Braini R,. t637. 97 I0

Ta kesli iita. T. Johintistin JAL NI(xii iiissiin g. J."'.. 1994. Nleseciicphxtlic type I astrocytes resceti dopamineri6c necurotn, front death ittiltced bx
sertim dxpirtx tioti J. Nxtirxsi.x 14. 47169 -4779.

Tasa k i K.. R lix ili i C.. OhtiUk i T. NIart in. D. . Niatsli ro. H.. Hal leitbeck. 3.ANI. 1997. [.ipopolysaccbhirixe pre-t reatmeni trinduces resistancec
a clii lst Subsxiuenett toxcil xcixehial isx letitic damia ge iii spotita neoisly It's pertetisixe rats. Braiti Res. 74S. '~-270.

Tietze. F.. 19t69. [ties \ict methioxi for quamntiiaiixc deterittitation of tiattocrati atmountis of total aindx 0\dii~cd glUtaibtoite : applications to

mamiimalIian blood .intd other tissues. Anal. Biochett. 27. 502-5212.
\Nlsi.XI .. 19917. -Ntitjoxiant tdxefenmse tif the braiiii: a role for astrocx-tes. Cani. 3. Phxsixil. Pliarnacotl. -5. 1149-1161.

Wtilltter. C.. Sextfried.L.GroseLIrtli. P.. Bcinrotlt. S.. Whiter. S.. Cilejchtrixnn. NI.. Hetieka. )I.. LosChrtattn. P.. SChul1. 3. B.. NN eller. NI..

K lock Cmt 1cr. T. . 1999. (31 at .i richoi depictitoni and iinerotial cell dealh ti:lie role of' reactixc oxx ,cit ititerlextia tCS aixd Ii itucliondna I funtiiiioii.
Brain Res. 8_26.5,62.

`1i. NV ... Liam i. S.S.. Chinii. \\ .T.. Chetig. 3 .T. . 1999. Effect ofSerutiM in iiediulin ott thle xpreCsSiotI of itixi mcib nitric ox ide x it liase adsprxd

diml iitases in eutuiired C6 uliottia cells. Nen rosci. Letti. 261. 3- -40.

4, epics
1 9 .4 pm-il 2002)2



Europ ean Journal of Neuroscience. Vol. 19, pp. 280-286, 2004 © Federation of European Neuroscience Societies

Toxicity of glutathione depletion in mesencephalic cultures: a
role for arachidonic acid and its lipoxygenase metabolites

Brian C. Kramer,;' 2 Jocelyn A. Yabut,' Julie Cheong,' Ruth Jnobaptiste,' Thalia Robakis, ' C. Warren Olanow1 and
Catherine Mytilineoul
'Department of Neurology, and 2Fishberg Centre for Neurobiology, Mount Sinai School of Medicine, New York, NY 10029, USA

Keywords: arachidonic acid, glutathione, lipoxygenase, Parkinson's disease, phospholipase A2, rat

Abstract

The contribution of arachidonic acid (AA) release and metabolism to the toxicity that results from glutathione (GSH) depletion was
studied in rat mesencephalic cultures treated with the GSH synthesis inhibitor L-buthionine sulfoximine. Our data show that GSH
depletion is accompanied by increased release of AA, which is phosholipase A2 (PLA2) dependent. Exogenous AA is toxic to GSH-
depleted cells. This toxicity is prevented by inhibition of lipoxygenase activity, suggesting participation of toxic byproducts of AA
metabolism. Hydroxyperoxyeicosatetraenoic acid (HPETE), one of the primary products of AA metabolism by lipoxygenase is also toxic
to GSH-depleted cells, whereas hydroeicosatetraenoic acid (HETE) is not. Cell death caused by GSH depletion is prevented by: (i)
replenishment of GSH levels with GSH-ethyl ester; (ii) inhibition of PLA2 activity; (iii) inhibition of lipoxygenase activity; and (iv),
treatment with ascorbic acid. These data suggest that the following events likely contribute to cell death when GSH levels become
depleted. Loss of GSH results in increased release of AA, which is PLA 2 dependent. Metabolism of arachidonic acid via the
lipoxygenase pathway results in generation of oxygen free radicals possibly produced during conversion of HPETE to HETE, which
contribute to cellular damage and death. Our study suggests that limiting AA release and metabolism may provide benefit in conditions
with an existing depletion of GSH, such as Parkinson's disease.

Introduction

Glutathione (GSH) is a powerful antioxidant which controls the Arachidonic acid, like other polyunsaturated fatty acids, is a struc-
cellular redox state and protects neurons from the potential toxicity tural component of membrane phospholipids bound at the sn-2 posi-
of reactive oxygen species (Meister, 1991; Jenner & Olanow, 1996; tion. In the brain, it is liberated primarily by cytoplasmic
Schulz et al., 2000). Oxidative stress is thought to play a role in phospholipase A2 (cPLA2 ; Piomelli, 1993). Normally free AA is
the pathogenesis of several neurodegenerative disorders, including maintained at low levels through recycling via energy dependent
Alzheimer's disease, amyotrophic lateral sclerosis and Parkinson's reactions, but its concentrations could increase in pathological con-
disease (PD; Schulz et al., 2000). In PD, loss of GSH appears early in ditions such as trauma or ischaemia (Farooqui et al., 1997). Free AA
the disease process (Dexter et al., 1994; Sian et al., 1994), which has exerts many biological actions either directly or through its active
led to the speculation that depletion of GSH could be an important metabolites, but at high concentrations it also has the potential to cause
pathogenic cause (Jenner & Olanow, 1998). toxicity and is thought to be involved in neurodegenerative disorders

Several studies, including our own, have shown that depletion of (Farooqui & Horrocks, 1991; Katsuki & Okuda, 1995). Arachidonic
GSH in primary neuronal cultures and neuronal cell lines results in cell acid can be metabolized via the cyclooxygenase, LOX and cytochrome
death (Andersen et al., 1996; Li et al., 1997; Mytilineou et al., 1998, P450 pathways to form signalling molecules collectively known as
1999). The protective effect of ascorbic acid (Mytilineou et al., 1999) eicosanoids (Needleman et al., 1986). 12-LOX, the principal form of
and superoxide dismutase (Kramer et al., 2002) indicates that oxidant LOX in the brain (Wolfe & Poppius, 1984) produces 12-hydroxyper-
stress is likely involved in cell death induced by GSH depletion. oxyeicosatetraenoic acid (I 2-HPETE), which leads to the formation of
Recently it was shown that arachidonic acid (AA) appears to play an 12-hydroeicosatetraenoic acid (12-HETE). Highly reactive oxygen
important role in GSH depletion-induced neuronal cell death (Li et al., radicals are produced during the conversion of 12-HPETE to 12-
1997; Mytilineou et al., 1999). These studies demonstrated that HETE (Katsuki & Okuda, 1995).
inhibition of lipoxygenase (LOX), but not cyclooxygenase activity The mechanism by which the release and metabolism of AA
prevents the toxicity of GSH depletion, suggesting that the release and participate in the process of cell death during GSH depletion is not
subsequent metabolism of AA by the LOX pathway contribute to the well understood at present. In order to gain further insight into the role
events that lead to cell death (Li et al., 1997; Mytilineou et al., 1999). of AA in oxidative stress-induced cell death, we examined the release

and potential toxicity of AA and its LOX metabolites in GSH depleted
mesencephalic cultures. The significance of these processes in free

Correspondence: Dr C. Warren Olanow. as above, radical generation and cell death was further investigated by deternin-
E-mail: warren.olanow@mssm.edu ing the effectiveness of inhibiting AA release and metabolism during
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Materials and methods formazan crystals were dissolved in 1 mL isopropyl alcohol by gentle

Materials shaking of the plate. Absorbance was determined at 570 nm in a
microplate reader (Spectramax 250, Molecular Devices Corporation,

Pregnant Sprague-Dawley rats were obtained from Taconic Farms Sunnyvale, CA, USA).
(Germantown, NY, USA). Minimum essential medium (MEM) was
purchased from Gibco-Life Technologies (Grand Island, NY, USA), Lactate dehydrogenase assay
horse serum from Gemini (Calabasas, CA, USA) and NU'R serum from A modification of the method by Bergmeyer et al. (1963) was used to
Collaborative Biomedical Products (Bedford, MA, USA). [3H]AA determine lactate dehydrogenase (LDH) activity in the culture med-
(specific activity 217 Ci/mmol) was from New England Nuclear ium and the cells. Medium was collected, centrifuged to remove
(Boston, MA, USA) and nonradioactive AA from Calbiochem (La debris and frozen at -80 'C until assay. Cells were freeze-thawed
Jolla, CA, USA). Arachidonyl trifluoromethyl ketone (ATK), methyl (x 3) in 1.0 mL feeding medium, the medium was collected, centri-
arachidonyl fluorophosphonate (MAFP), 12(S)-HPETE and 12(S)- fuged and the supernatant frozen at -80'C. Aliquots of supernatant
HETE were obtained from Cayman Chemical (Ann Arbor, MI, (50 liL) and NADH (100 lLL of 1.2 mg/mL H20 stock) were added to
USA), biacalein from Biomol (Plymouth Meeting, PA, USA), 21,7'- 850 I.L buffer and the samples were vortex-mixed. A total of 50 ILL
dichlorodihydrofluorescein diacetate (H2DCF-DA) from Molecular feeding medium was used for blanks. Triplicate aliquots (250 ILL)
Probes (Eugene, OR, USA) and glutathione monoethyl ester from were placed into 96-well plates at room temperature and reaction was
Bachem Biosciences, Inc. (King of Prussia, PA, USA). All other initiated by addition of 25 1±L sodium pyruvate (0.36 mg/mL H20
chemicals were of the highest purity available and purchased from stock). The rate of disappearance of NADH was measured at 340 nm
Sigma. using a plate reader.

Preparation of cell cultures Glutathione assay

The protocols for handling animals and preparing cell cultures fol- Glutathione was quantified using a modification of a standard recy-
lowed the NIH guidelines and were approved by the institutional cling assay based on the reduction of 5,5-dithiobis-(2-nitrobenzoic
review committee. Cultures were prepared from embryonic rats on the acid) with glutathione reductase and NADPH (Tietze, 1969). In brief,
14th day of gestation as described previously (Mytilineou etal., 1998). the medium was carefully aspirated from the culture wells, 300 p.LL
In brief, pregnant rats were killed by exposure to CO 2, the embryos 0.4 N perchloric acid (PCA) was added and the plates were kept on ice
removed, and the mesencephalon was dissected free of meninges and for 30 min. The PCA was then collected and stored at -70 'C until
collected in Ca2+- and Mg 2+-free phosphate buffered saline (PBS). assayed. Both oxidized (GSSG) and reduced (GSH) forms of glu-
The tissue was dissociated mechanically into a single cell suspension tathione were measured with this assay. However, because of the small
and plated in 24- or 6-well plates precoated with L-polyornithine amounts of GSSG present in mesencephalic cultures (-5% of total;
(0.1 mg/mL)atadensityof300000cells/cm 2,andat 150 000 cells/cm 2  Mytilineou et al., 1993), the values obtained were considered to
for the experiments using the 12-LOX metabolites of AA. The medium represent GSH content.
consisted of MEM supplemented with 2 mM glutamine, 33 mM glu- The tissue attached to the bottom of the wells after removal of
cose, 10% horse serum and 10% NU"H serum. Treatment began on the the PCA was dissolved in equal volumes of 20% sodium dodecyl
5-6th day in vitro, at which time the medium was changed to MEM sulphate and 0.5 N NaOH and used for protein determination accord-
containing only 5% NU" serum. ing to the method of Lowry et al. (1951) with bovine serum albumin

Cell viability assays (BSA) as a standard.

MTT assay Measurement of [ 3H]AA release

Cell viability was determined by the MTT (3-(4,5-dimethylthiazol-2- The method described by Stella et al. (1997) was used to measure the
yl)-2,5-diphenyltetrazolium bromide) reduction assay, as described release of [3H]AA with modifications. Mesencephalic cells were
previously (Han et al., 1996). In brief, 50 p.L of 5 mg/mL MTT was labelled with [3H]AA (0.5 .Ci/mL) for 24h in feeding medium
added to each cell culture well containing 0.5 mL medium. After a 1-h containing 1% fatty acid-free BSA. They were then washed three
incubation at 37 'C, the medium was carefully removed and the times with balanced salt solution and treated with the appropriate drugs

A mControl B
Amm GSH-EE 1mMr

_ 60 -

250 a,b

10E
° o 30-

E0.5 S2

0~' ~10a
0.0- " 01

0 50 100 Control BSO GSH-EE BSO+GSH-EE
0so (PM)

FiG. I. Replenishment of GSH content prevents BSO-induced cell death.Mesencephalic cultures were treated with BSO in the presence or absence of I mM GSH-
ethyl ester (GSH-EE) and were assayed 48 h later for viability with the MTT assay (A) and for GSH content (B). a, differs from control group P < 0.001; b, differs
from group treated with BSO alone P < 0.001. ANOVA followed by Tukey-Kramer test. n = 4 cultures per group for (A) and six cultures per group for B.
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a- aspirated and 0.5 mL Kreb's phosphate buffer containing (in mM):
NaCI, 120; KCI, 4.8; NaH 2 PO4 , 15.6; MgSO4 , 1.2; CaC12 , 1.0; and

(D •glucose, 33 at pH 7.4 and supplemented with 1% fatty acid-free BSA

c 150- was added in each well. After I h at 37 "C, a 2(X)-L aliquot was

-4 b b collected and counted for radioactivity in a liquid scintillation spectro-
-- _meter. MTT was then added to the medium remaining in the wells to

1o00- test for cell viability.

Visualization of reactive oxygen species

S50- H 2 DCF-DA was used to visualize the generation of reactive oxygen
species (ROS). H2 DCF-DA penetrates the cell membrane and is
enzymatically hydrolysed by intracellular esterases to nonfluorescent

0. H2DCF. In the presence of ROS H 2DCF is oxidized to the highly
Control BSO MAFP BSO+MAFP fluorescent 2'7'-dichlorofluorescein (Tsuchiya et al., 1994). Mesen-

cephalic cultures were exposed to 1 [LiM H2 DCF-DA for 15 min at
FiG. 2. BSO treatment increases the release of AA. Cultures were treated with various time points after the beginning of BSO treatment. Cultures
[3H]AA for 24 h to label membrane phospholipids and then treated with 50 p.M
BSO with or without 10 IMMAFP. Arachidonic acid release was measured 24 h were then washed twice with physiological saline containing (in

after BSO treatment, a time point when no damage could be detected with the mM): NaC1, 135; KCI, 3; CaCI,, 2; MgCI2 , 2; glucose, 10; and
MTT assay. a, differs from control P < 0.001; b, differs from group treated with HEPES, 10 at pH7.3, and were examined under a fluorescence
BSO alone; P<0.001. ANOVA followed by Tukey-Kramer test. n= 12-14 microscope.
cultures per groups except for the MAFP groups where n = 6.

Statistical analysis

[L-buthionine sulfoximine (BSO) and/or cPLA 2 inhibitors] in feeding Values are expressed as means ± SEM. Significance of differences
medium containing 1% fatty acid-free BSA. Twenty-four hours after between two groups was determined by two-tailed Student's t-test. For
treatment, all cultures were exposed to 10 [LM thimerosal for 10 min to multiple comparisons, one-way analysis of variance (ANOVA) followed
inhibit AA reacylation (Stella et al., 1994). The medium was then by the Tukey-Kramer test was used.

A
1201

Control100- O.M AA 10p.M
a,b AA 50pM

80-

C-
: 60- a

0 0 a,b a

20- a,b ab
a.b L~ ~ ~

0I
0 1 5 10 50

BSO (pM)

B
125.

Control
- AA (10 pM)

a- 100" Biacalein (SpM)+AA
NDGA (1OpM)+AA

CC o 75-
= 0

50 a

25- a
a,b a,b

0 50 100

BSO (pM)

FIG. 3. Exogenous AA is toxic to GSH depleted cells. Cultures were exposed to increasing concentrations of BSO in the presence or absence of AA (10 or 50 i.M) (A)
or with 10 pLM AA in the presence or absence of the LOX inhibitors biacalein and NDGA (B). All cultures were analysed for cell viability with the MTT assay 48 h
after the initiation of treatment. a, differs from control, P < 0.001; b, differs from the corresponding BSO group not treated with AA, P < 0.X) 1. ANOVA followed by
Tukey-Kramer test. n = 4 per group for A and eight per group for B.
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Results inhibited (Fig. 3A). In the presence of BSO, however, AA caused loss
Restoration of GSH levels prevents BSO toxicity of cell viability, which became greater at higher BSO concentrations.

The toxicity of combined BSO and AA treatment was always greater

Our previous studies showed that inhibition of GSH synthesis by BSO than BSO alone. Inhibition of LOX activity with 5 IIM biacalein or
induces depletion of GSH and cell death in mesencephalic cultures 10 [,M NDGA prevented the damage caused by combined treatment
(Mytilineou et al., 1998, 1999). To confirm that depletion of GSH is the with BSO and AA (Fig. 3B), suggesting that the metabolism of AA by
primary cause of BSO toxicity, we treated mesencephalic cultures with LOX is an important component of the events that lead to loss of
GSH-monoethyl ester (GSH-EE), a GSH delivery agent that restores viability. We have previously shown that inhibition of LOX prevents
GSH levels (Martensson et al., 1993). Figure IA shows that in the damage related to BSO toxicity alone (Mytilineou et al., 1999).
presence of 1 mM GSH-EE the loss of cell viability caused by treat-
ment with 50 or 100 pM BSO was prevented completely. The protec- The effect of 12-LOX metabolites of AA on GSH depleted cells

tion was accompanied by an increase in GSH to levels above control Protection from BSO by inhibition of LOX activity suggests that the
values (Fig. 1B). GSH-EE also increased the levels of GSH in cultures products of AA metabolism by LOX might account for the observed
not treated with BSO (Fig. 11). toxicity. The effect of 12-HPETE and 12-HETE, the major products of

To determine whether the MTT assay was an accurate index of loss 12-LOX reaction with AA (Katsuki & Okuda, 1995), was examined in
of cell viability we compared the results of the MTT assay with results mesencephalic cultures in the presence or absence of BSO. In these
obtained from measurement of LDH release into the culture medium. experiments the toxicity of BSO was kept low by reducing the cell
The results were similar in all experiments. For example, in a similar
experiment treatment with 50 l.M BSO resulted in a 5.2-fold increase A
in the LDH activity in the medium and in a 77% reduction in cell 150-
viability as measured with the MTT assay.

The release of AA increases during GSH depletion O

The metabolism of AA has been implicated in the toxicity of GSH 10o b,c

depletion (Li et al., 1997; Mytilineou et al., 1999). To determine "
whether GSH depletion promotes the release of AA, we labelled c c
membrane phospholipids with [3H]AA before treating the cultures o a c

with BSO (50 lM). Spontaneous release of AA was measured 24 hIa,d
after BSO treatment, a time point when there is severe GSH depletion a
without significant cell death (Mytilineou et al., 1999). A significant
increase in AA release was observed in the BSO-treated cultures, 0
which could be prevented by the specific cPLA2 inhibitor MAFP 50 pM BSO + ÷ + + + +
(10 p.M), suggesting the involvement of cPLA 2 in the release of AA by

BSO (Fig. 2). The nonspecific PLA 2 inhibitor mepacrine (I liM) also 10 pM MAFP r t + + ÷

prevented the BSO-induced AA release (not shown). MTT assay 0 24 4 56
showed no decrease in cell viability at this time point. (hr after BSO)

Arachidonic acid is toxic to GSH-depleted cells

To test whether the release of AA could be associated with the toxicity B
caused by GSH depletion, we exposed cell cultures to AA in the 150-
presence or absence of BSO (Fig. 3). Arachidonic acid (10 or 50 p.M)
was not toxic to mesencephalic cultures if GSH synthesis was not C C C

~~10 C
150- 1 o. 0(-)BSO

(+) 5OpM BSO

50-
8 a a

50b 0
S50 pM BSO + + + + +

ab 10pMMAFP - + + + +

C Treatment start 0 24 48 56
CONTROL HPETE HPETE HETE (hr after BSO)

2pM 5pM 5pM
FIG. 5. Effectiveness of PLA 2 (A) and LOX inhibition (B) when applied at

FIG. 4. Effect of 12-HPETE and 12-HETE on cultures with normal and reduced different times after exposure to 50 liM BSO. Cultures were treated with BSO
GSH levels. Mesencephalic cultures were exposed to the AA 12-LOX-meta- and the inhibitors were added either at the same time with BSO (0) or at 24, 48
bolites 12-HPETE and 12-HETE for 24 h and then exposed to 50 L.M BSO. MTT and 56 h after the beginning of BSO treatment. Cell viability was assayed with

assay for cell viability was carried out 48 h later. A, differs from control, MTT 72 h after the beginning of treatment. Significantly different from control:
P < 0.001; b, differs from BSO alone, P < 0.001. ANOVA followed by Tukey- a, P < 0.001; b, P < 0.05. Significantly different from BSO: c, P < 0.001; d,
Kramer test. n = 12 cultures per group. P < 0.01 (n = 8 per group). ANOVA followed by Tukey-Kramer test.
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Control BSO 48h

FIG. 6. ROS accumulation following treatment with BSO. Fluorescence photomicrographs from a control culture and a culture treated with 50 p.LM BSO for 48 h
exposed to I l.M H2DCF-DA for 15 min. The accumulation of fluorescence indicates the presence of ROS. Intense fluorescence was seen localized within cellular
organelles (inset).

density in the cultures (Mytilineou et al., 1999). 12-HPETE caused a protect from BSO toxicity (Mytilineou et al., 1999), also protected
small reduction of cell survival in control cultures (22% loss at 5 t.M) from toxicity with similar efficacy even when added late after the
and it augmented the toxicity of BSO by threefold at 2 t±M and fivefold beginning of BSO treatment. In an experiment where treatment with
at 5 l.M (Fig. 4). In contrast, 12-HETE caused no significant damage 50 l.LM BSO reduced MTT-determined cell viability to 26 ± 7% of
and did not modify the toxicity of BSO. control after 48 h, addition of 200 I.,M ascorbic acid restored cell

survival to 81 ± 1%, 84 ± 1% and 83 + 1% of control levels, whether
cPLA2 and LOX inhibitors prevent BSO toxicity; time added together with BSO or 24 and 30 h later (n = 4; P < 0.001
course of protection compared with BSO alone).

The cPLA, inhibitors ATK and MAFP prevented the toxicity of BSO
in mesencephalic cultures. MTT assays showed that 10 LM ATK and ROS accumulation during the course of GSH depletion
MAFP added together with 50 p.LM BSO improved cell viability in We examined the intracellular accumulation of ROS during the course
mesencephalic cultures from 10 ± 0.3% of control with BSO alone to of GSH depletion by loading the cells with HDCF-DA, which is
98 ± 4% and 112 ± 4%, respectively. Also, in agreement with previous converted to a fluorescent derivative by ROS. Cultures were treated
studies (Li et al., 1997; Mytilineou et al., 1999), NDGA, a nonspecific with BSO and then exposed to H2DCF-DA at 4, 8, 24, 30 and 48 h later.
LOX inhibitor and biacalein, a specific 12-LOX inhibitor, prevented No significant increases in fluorescence could be observed in the
BSO-induced damage (results not shown), cultures up to 30h post-treatment. High intensity fluorescence began

Because an increase in AA release appears relatively early in the accumulating almost simultaneously with the appearance of damaged
course of GSH depletion (see Fig. 2A), we sought to determine the cells (Fig. 6). Fluorescence appeared initially within well-defined
point in time beyond which inhibition of cPLA2 or LOX could no cellular organelles (Fig. 6, inset) and in cell processes and eventually
longer rescue the cells from BSO toxicity. The inhibitors of cPLA 2  filled the entire cell. Some cells appeared ballooned and to be
(MAFP; 10 l.M) and LOX (biacalein; 5 [LM) were added to the cultures detaching themselves from the culture dish. ROS formation using this
either at the time of exposure to BSO, or 24, 48 and 56 h after the assay was blocked by PLA 2 and LOX inhibitors (results not shown).
beginning of BSO treatment. All groups were analysed for cell survival
with the MTT assay 72 h after the beginning of BSO treatment to allow Discussion
for maximal damage by BSO in this group of cultures (Fig. 5).
Inhibition of cPLA 2 fully protected from toxicity when added at Mesencephalic cultures, which contain dopamine neurons of the
the same time with BSO but protection diminished gradually when substantia nigra, have been used widely to test hypotheses that may
the inhibitor was added at later times (Fig. 5A). In contrast, inhibition be relevant to the aetiology and treatment of PD. One of the defects
of LOX fully protected from toxicity, even when biacalein was added characteristic of PD is a decrease in the GSH content of the substantia
just before the onset of damage (Fig. 5B). A similar course of protec- nigra (Perry et al., 1982; Riederer et al., 1989; Sian et al., 1994). The
tion was observed with the nonspecific cPLA2 inhibitor mepacrine loss of this antioxidant is thought to contribute to the pathogenesis and
(1 [tM) and the nonspecific LOX inhibitor NDGA (1 R.M; results not progression of the disease (Fahn & Cohen, 1992; Jenner et al., 1992).
shown). The antioxidant ascorbic acid, which was previously shown to In earlier studies we have used BSO, an inhibitor of the enzyme
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-y-glutamylcysteine synthetase, to cause depletion of GSH in mesence- How GSH depletion results in increased release of AA is not known.
phalic cultures and examine mechanisms of neuronal degeneration and One possibility is that loss of GSH could disrupt cellular Ca 2

neuroprotection (Mytilineou et al., 1998, 1999). In the present study we homeostasis and increase free intracellular Ca2 . Physiological
carried out experiments to ascertain that GSH depletion is the cause of changes in the concentrations of free intracellular Ca 2

+ are able to

BSO-induced cell death. We have shown that restoration of GSH levels cause translocation of the Ca2 -dependent cPLA2 to the membrane
through the use of the cell permeable GSH-ethyl ester (Meister, 1991) and increase its activity (Clark et al., 1991). In addition GSH depletion
prevents BSO-induced cell death in mesencephalic cultures, indicating and increased concentrations of H20 2 could cause peroxidation of
that loss of GSH is the primary cause of BSO toxicity. membrane phospholipids, which makes them better substrates for

We therefore used BSO to cause depletion of GSH to study path- PLA, (McLean et al., 1993; Farooqui et al., 1997). Activation of
ways that might lead to the generation of ROS and cell death in cPLA2 might also occur in response to kinase-dependent enzyme

mesencephalic cultures. Our data indicate that an early event that can phosphorylation (Lin et al., 1993; Qiu et al., 1998).
be detected following exposure to BSO is a PLA2-dependent increase Although complete protection is achieved when cPLA2 inhibitors
in the release of AA. We also demonstrate that exogenous AA becomes are added together with BSO, delayed exposure reduces their
toxic to GSH depleted cells upon its metabolism by LOX. Although effectiveness. In contrast, inhibition of AA metabolism or addition

our experiments do not provide direct evidence that the AA released of antioxidants can rescue mesencephalic cells, even if treatment
during the course of GSH depletion is responsible for the toxicity, the begins quite late, just before the onset of cell breakdown. The reason

ability of PLA 2 inhibitors to prevent both the release of AA and cell for this difference is not clear, but it implies that activation of PLA2

death supports the hypothesis. It is of interest that AA, even at is an early event in the process that leads to cell death. It is
relatively high concentrations (10-50 ItM), was not toxic to cells with interesting that accumulation of reactive oxygen species, in amounts
normal GSH content. A similar result has been reported with a rat sufficient to be visualized with H2DCF-DA microscopy, occurs only
glioma cell line where AA was not toxic in the absence of BSO during the last stages before cell loss. This suggests that a critical
(Higuchi & Yoshimoto, 2002). These data suggest that two parallel threshold of toxic by-products of AA metabolism is needed for the
mechanisms could be operating during the course of GSH depletion, initiation of cell death pathway and preventing this accumulation
one causing the release of AA and one increasing the toxicity of AA to can rescue the cells.
the cells. The reason for the lack of AA toxicity in normal cells could Increased PLA2 activity has been linked to neuronal injury in several
be that the high levels of GSH (approximately 2.5 mM in our cultures), neurodegenerative disorders, including cerebral ischaemia (Sapirstein
suppress LOX activity and prevent the accumulation of toxic by- & Bonventre, 2000; Arai et al., 2001), stroke (Estevez & Phillis, 1997),

products of AA metabolism. It has been shown that LOX is directly neurotrauma (Bazan et al., 1995) and Alzheimer's disease (Stephenson
inhibited by GSH (Shomick & Holtzman, 1993) and that its activity et al., 1996). Recent studies have shown that inhibition of PLA2

increases in GSH-depleted cells (Li et al., 1997; Chen et al., 2000). In activity protects from loss of striatal dopamine in experimental models
microsomal fractions from epithelial cells concentrations of 0.1, 1 and of PD (Tariq et al., 2001), and that genetically induced decrease in
10 mM GSH, which are within the range present in the mesencephalic cPLA 2 activity renders mice resistant to MPTP neurotoxicity (Klivenyi
cultures, reduced 12-LOX activity to 74, 38 and 16% of control values, et al., 1998). These results suggest that cPLA 2 might play a role in the
respectively (Shomick & Holtzman, 1993). However, it is also possible pathogenesis and progression of PD. In the experimental model used in
that the sensitivity of GSH depleted cells to AA might be a result of our study less than 5% of the cells represent dopamine neurons and
additional oxidative events, caused by the depletion of GSH and not GSH depletion results in generalized cell loss. However, the involve-
directly related to the release and metabolism of AA. A combination of ment of AA release and metabolism in oxidant stress and cell death
oxidative insults could overwhelm the antioxidant potential of the cells caused by GSH depletion, supports a possible involvement of PLA 2

and result in their demise. activity, as depletion of GSH and oxidative stress are prominent
The reaction of AA with molecular oxygen, catalysed by 12-LOX, pathological features of PD.

generates several fatty acid radicals as intermediate by-products Although potent specific inhibitors for the various isoforms of PLA2
in the formation of 12-HPETE (Katsuki & Okuda, 1995). These are not currently available for clinical use, their potential therapeutic

radicals and the highly reactive oxygen species, which are produced value has made them subject of intense research efforts (Farooqui et al.,

during the conversion of 12-HPETE to 12-HETE, could contribute to 1999; Cummings et al., 2000). Further studies confirming an associa-
the toxicity of AA (Katsuki & Okuda, 1995). In our study addition of tion between AA release and metabolism and the pathogenesis of PD

12-HPETE caused damage to mesencephalic cells, particularly when will be required in order to determine whether such therapies have the

GSH levels were reduced by BSO. The lack of toxicity of 12-HETE potential to provide an effective treatment for PD patients.
suggests that the oxygen radicals produced during the conversion of
12-HPETE to 12-HETE might be contributing to cell damage. A recent Acknowledgements
study has shown that 12-HPETE, but not 12-HETE, can directly
activate caspase-3 and cause apoptosis in a fibroblast cell line (Gu Supported by funds from the US Army (DAMDI7-9919557) and from the

et al., 2001). Bachmann-Strauss Dystonia and Parkinson Foundation.

Collectively our data suggest the following scenario concerning the
events that lead to cell death after exposure of mesencephalic cultures Abbreviations
to BSO: depletion of cellular GSII causes increased release of AA AA, arachidonic acid; ATK, arachidonyl trifluoromethyl ketone; BSA, bovine
likely through the activation of PLA2; a concomitant increase in LOX serum albumin; BSO, L-buthionine sulfoximine; cPLA 2, cytoplasmic phos-
activity, also resulting from GSH depletion, drives the metabolism of pholipase A2; GSH, glutathione; GSH-EE, glutathione ethyl ester; H2DCF-DA,

AA through this pathway. Oxygen free radicals generated during this 2',7'-dichlorodihydrofluorescein diacetate; HETE, hydroeicosatetraenoic acid;

metabolic process accumulate within the GSH depleted cells over- HPETE, hydroxyperoxyeicosatetracnoic acid; LOX, lipoxygenase; LDH, lac-
tate dehydrogenase; MAFP, methyl arachidonyl fluorophosphonate; MEM,

whelming existing defense mechanisms and contributing to cell death. minimum essential medium; MTT, 3-(4,5-dimethylthiazol-2-yI)-2,5-diphenyl-
The capacity of PLA 2 inhibitors, LOX inhibitors and antioxidants to tetrazolium bromide; PBS, phosphate buffered saline; PCA, perchloric acid;
prevent death of GSH depleted cells supports this scenario. PD, Parkinson's disease; ROS, reactive oxygen species.
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Abstract mation of inclusions that were immunoreactive for these pro-
Mutations in a-synuclein, parkin and ubiquitin C-terminal teins, in the cytoplasm of VM neurons. Inhibition of UCH was
hydrolase L1, and defects in 26/20S proteasomes, cause or associated with a loss of ubiquitin immunoreactivity in the
are associated with the development of familial and sporadic cytoplasm of VM neurons, but there was a marked and
Parkinson's disease (PD). This suggests that failure of the localized increase in a-synuclein staining which may represent
ubiquitin-proteasome system (UPS) to degrade abnormal the formation of inclusions bodies in VM neurons. These
proteins may underlie nigral degeneration and Lewy body findings provide direct evidence that impaired protein clear-
formation that occur in PD. To explore this concept, we ance can induce dopaminergic cell death and the formation of
studied the effects of lactacystin-mediated inhibition of 26/20S proteinaceous inclusion bodies in VM neurons. This
proteasomal function and ubiquitin aldehyde (UbA)-induced study supports the concept that defects in the UPS may
impairment of ubiquitin C-terminal hydrolase (UCH) activity in underlie nigral pathology in familial and sporadic forms of PD.

fetal rat ventral mesencephalic cultures. We demonstrate that Keywords: ca-synuclein, Lewy body inclusion, Parkinson's
both lactacystin and UbA caused concentration-dependent disease, 26/20S proteasome, ubiquitin C-terminal hydrolase
and preferential degeneration of dopaminergic neurons. Inhi- Li and parkin.
bition of 26/20S proteasomal function was accompanied by J. Neurochem. (2002) 81, 301-306.
the accumulation of ca-synuclein and ubiquitin, and the for-

Degeneration of the dopamine-containing neurons of the for a ubiquitin ligase, lead to a loss of enzyme activity and
substantia nigra pars compacta (SNc) is the primary pathol- destruction of the SNc in cases of autosomal recessive juvenile
ogy occurring in Parkinson's disease (PD; Fomo 1996). parkinsonism (AR-JP; Shimura et al. 2001). In rare occur-
Neuronal death is accompanied by the appearance of rences of autosomal dominant PD, missense mutations in the

cytoplasmic Lewy body inclusions which accumulate a wide gene (4q21-q23) encoding ot-synuclein have been shown to
range of proteins including ct-synuclein, ubiquitin, neurofil- produce proteins that are prone to misfold and aggregate
aments, and oxidized/nitrated proteins (Pollanen et al. 1993;
Good et al. 1998; Spillantini et al. 1998; Giasson et al.
2000). Nigral pathology in PD is associated with oxidative Received November 12, 2001; revised manuscript received January 8,

stress, mitochondrial dysfunction, and excitotoxicity but it is 2002; accepted January 9, 2002.
Address correspondence and reprint requests to Kevin St P.not clear how these events contribute to the neurodegener- McNaught, Department of Neurology, Mount Sinai School of Medicine,

ative process (Jenner and Olanow 1998). Annenberg 14-73, One Gustave L. Levy Place, New York, NY 10029,
Recent evidence suggests that failure of the ubiquitin- USA. E-mail: kevin.mcnaught@mssm.edu

proteasome system (UPS) leading to protein accumulation Abbreviations used: AR-JP, autosomal recessive juvenile parkinson-

contributes to degeneration of dopaminergic neurons and ism; GABA, y-aminobutyric acid; GAD, glutamnic acid decarboxylase;
PD, Parkinson's disease; TH, tyrosine hydroxylase; UbA, ubiquitin

Lewy body formation in the SNc in both familial and sporadic aldehyde; UCH-LI, ubiquitin C-terminal hydrolase LI; UCH, ubiquitin
forms of PD (McNaught et al. 2001). Various deletions and carboxy-terminal hydrolase; UPS, ubiquitin-proteasome system; and,
point mutations in the parkin gene (6q 15.2-27), which codes VM, ventral mesencephalic.
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(Polymeropoulos et al. 1997; Goedert 2001). Mutant from Sprague-Dawley rats (Charles River, Kent, UK) as described

ot-synucleins resist and inhibit proteolysis, and increase the elsewhere (Pardo et al. 1997). Cells were suspended in Dulbecco's

sensitivity of cells to a variety of toxic insults (Bennett et al. modified Eagle medium (DMEM; supplemented with 15% fetal

1999; Lee et al. 2001; Stefanis et al. 2001; Tanaka et al. bovine serum, 1 mm sodium pyruvate and 4 mm t-glutamine) and

2001; Tofaris et al. 2001). These factors are thought to plated at a density of 104 cells/cm 2 on 13-mm poly n-lysine-coated

contribute to nigral dopaminergic cell death and Lewy body plastic coverslips in 24-well culture plates. Cells were grown in a
humidified atmosphere of 5% CO2 /95% air at 37°C for I day, after

formation in ot-synuclein-linked familial forms of PD (Goed- which the culture medium was changed to defined serum-free

ert 2001; Spira et al. 2001). Additionally, a missense mutation DMEM-F12 medium (supplemented with 25 ptg/mL insulin,

in the gene (4p 14) encoding for the de-ubiquitinating enzyme, 100 ptg/mL transferrin, 60 mtM putrescine, 20 nM progesterone and

ubiquitin C-terminal hydrolase L1 (UCH-LI), is associated 30 nM sodium selenite), and cells grown for a further 6 days before

with rare cases of autosomal dominant PD (Leroy et al. 1998). use. Immunocytochemical analyses showed that these VM cultures

Further, we recently showed that all three proteolytic activities contained approximately 2% astrocytes and > 95% neurons.

of 26/20S proteasomes are impaired in the SNc of patients

with sporadic PD (McNaught and Jenner 2001; McNaught Immunocytochemistry

et al. 2002). The occurrence of impaired clearance of proteins Coverslips containing VM neurons were washed with 0.1 m

in the SNc of PD patients is supported by evidence for an phosphate-buffered slaine (PBS; pH 7.4) then fixed in 4% paraform-

elevation in the levels of protein oxidation products and the aldehyde for at least I h before being immunostained using the Vector
aggrgation of te levaiet of proteins oxidation procts al. 1 ; ABC method (Pardo el al. 1997). Primary antibody preparations for

TH, GAD, ot-synuclein, and 3-synuclein were used at a dilution ofAlam et al. 1997; Lopiano et al. 2000). 1 : 200, and the ubiquitin antibody preparation was used at a I : 500

Thus, alterations in the UPS are associated with the dilution. Control experiments in which primary antibodies were

development of nigral pathology in the various etiological omitted confirmed the specificity of these imunuoreactions (data not

forms of PD that have been discovered to date. Indeed, shown). Stained coverslips were washed with 0.1 M PBS, dehydrated

proteasomal inhibition can lead to degeneration of PC12 cells through ethanol, then mounted onto slides. Slides were examined

with inclusion body formation (Rideout et al. 2001). How- under a Zeiss Axioskop (Carl Zeiss Inc., Thornwood, NY, USA)

ever, it has not been demonstrated that defects in the UPS can microscope equipped with a grid-containing eyepiece for determining

lead to degeneration and the formation of proteinaceous neuronal count (approximately 10% of coverslip area counted) and

Lewy body-like inclusions in mesencephalic dopaminergic morphology at x200 magnification as previously described

neurons. We therefore examined the effects of inhibition of (McNaught and Jenner 1999).

26/20S proteasomal function and UCH activity in fetal rat [3H]Dopamine and [14CIGABA uptake

ventral mesencephalic (VM) cultures. Determination of dopamine and GABA uptake into dopamninergic

and GABAergic neurons, respectively, was conducted as described

previously (Casper et al. 1991). VM cultures were rinsed with Kreb's
Materials and methods phosphate buffer (pH 7.4) and incubated for 30 min at 37'C with the

same buffer containing 0.2 mg/mL ascorbic acid, 10 pm GABA,
Materials 0.5 lICi/mL [3H]dopamine and 0.05 liCi/mL [14C]GABA. After
Synthetic lactacystin and ubiquitin aldehyde (UbA) were obtained rinsing, the radioactivity was extracted with I mL 95% ethanol,
from Calbiochem (Beeston, Nottingham, UK). Cell culture plastics, which was added to vials containing scintillation cocktail and the
media and reagents were obtained from Life Technologies (Paisley, radioactivity measured in a scintillation spectrometer (Packard Tri-
UK) and Sigma-Aldrich (Poole, UK). Monoclonal mouse antibodies Carb 2100; Packard Bioscience, Meriden, CT, USA). VM cultures
to tyrosine hydroxylase (TH) and glutamic acid decarboxylase (GAD) treated with the neuronal dopamine uptake blocker mazindol (10 am)

were obtained from Boehringer Mannheim (East Sussex, UK). and the neuronal GABA uptake blocker diaminobutyric acid
Polyclonal rabbit antibodies to ot-synuclein (raised against an internal (1.0 mM) were used as blanks. For uptake studies, VM cultures
peptide of the human protein) and monoclonal mouse antibodies were grown in minimum essential medium (MEM) containing serum.
to ubiquitin were obtained from Chemicon International Ltd
(Harrow, UK). Biotinylated goat anti-rabbit IgG, biotinylated goat Determination of the effects of inhibition of the UPS on
anti-mouse IgG, avidin and biotin were components of the Vecta- dopaminergic cell viability, protein accumulation and
stain ABC kit (Vectastain Laboratories Inc., CA, USA). [3H]dop- inclusion body formation
amine (32.6 Ci/mmol) and [14 C]7-aminobutyric acid (GABA, The growth medium of VM cultures in 24-well culture plates was
240 mCi/mmol) were obtained from NEN (Boston, MA, USA). All replaced with fresh filter-sterilized DMEM-F12 containing up to
other reagents/materials were of analytical/cell culture grade and 10 pM lactacystin (a selective proteasome inhibitor; Fenteany and
obtained from Sigma-Aldrich and other commercial sources. Schreiber 1998) or up to 10 pM UbA (an inhibitor of UCH;

Melandri et al. 1996; Schaeffer and Cohen 1996) for a maximum of
Enriched fetal rat ventral mesencephalic neuronal cultures 48 h. To determine the extent of neuronal death in these cultures,
Neuronal-enriched cultures containing dopaminergic neurons were cell counts were conducted following immunostaining. [3 H]Dop-
prepared from the VM of fetuses (14-15 days gestation) obtained amine/[ 4C]GABA uptake into the remaining plated neurons was
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also measured as an indicator of cell viability. To determine (a) 120
alterations in morphology, protein accumulation and inclusion body
formation in lactacystin/UbA-treated VM cultures, coverslips too

containing neurons were immunostained as described above. 80:= 80-
2*

.Q U 60-
Results 0

"r 40*

Inhibition of the UPS causes toxicity to dopaminergic & 20-
neurons
Treatment of VM cultures with inhibitors of the UPS for up 0-

to 48 h produced a concentration-dependent decrease in the Control Lactacystin UbA

number of dopaminergic neurons as shown by a reduction in (b) 120
the number of TH-positive cells. After 24 h in culture, there <
was a loss of approximately 7% of TH-positive cells in M 100

control cultures compared to 40% and 55% reductions 80-
U8

following exposure to 5 and 10 pM lactacystin, respectively -0,

(Fig. la). Similarly, in comparison to controls, the addition .Z 60-
of 5 and 10 i-M lactacystin inhibited [3H]dopamine uptake & 40-
into dopaminergic neurons by 55% and 58%, respectively
(Fig. lb). In contrast, 10 pM lactacystin had no significant 20..
effect on [ 14C]GABA uptake after 24 h of exposure 0- 7-
(Fig. lb), and only a 22.9% (p < 0.01) reduction after 48 h 0 1 5 1o
of exposure. Treatment of VM cultures with 5 and 10 P-M [Lactacystinl giM
UbA caused approximately 70% and 90% loss of TH-
positive cells, respectively (Fig. la). Fig. 1 Effects of inhibition of the UPS on dopaminergic and

Exposure of VM cultures to 10 p-m lactacystin or 10 pm GABAergic cell viability. VM cultures in 24-well culture plates were

UbA for 24 h was associated with alterations in the exposed to lactacystin (5 or 10 wsu) or UbA (5 or 10 WM) for 24 h. (a)

morphology of the remaining TH-positive neurons. Both Dopaminergic (TH-positive) cell survival was determined by neuronal
count following immunocytochemistry. The lower and higher concen-
trations of lactacystin/UbA are represented by N and 0l, respectively.

disintegration of dopaminergic neuronal membranes with The control bars represent the mean number of TH-positive cells
ghosting (Fig. 2). Lactacystin caused enlargement of neuro- (approx. 400/cm2) from six untreated cultures and are presented

nal perikaryon while cell body size remained unchanged or as 100%. (b) [3H]Dopamine (0) and [14C]GABA (0) uptake into res-
only slightly increased following UbA treatment (Fig. 2). pective neurons. Absolute control values for [3H]Dopamine and

[14C]GABA uptake in VM cultures were 55337+ 2600 and

Protein accumulation in VM neurons following 20690 ± 419 DPM per culture well, respectively. Results, presented

inhibition of the UPS as mean ± SEM for six different culture preparations, were analyzed
Control VM cultures were immunoreactive for ot-synuclein in statistically using Student's t-test. *p < 0.01.

axons, dendrites, and terminals but perikarya were poorly
stained (Fig. 3a). Exposure for 24 h to 5 jiM lactacystin degeneration of dopaminergic neurons with little/no effect on
(Fig. 3b) or 5 g-M UbA (Fig. 3c), which produced preferen- [14C]GABA uptake (Figs 1 and 2), caused cytoplasmic
tial alteration in dopamine cell viability (Figs 1 and 2), inclusions that were intensely immunoreactive for ct-synuc-
caused an increase in the intensity of ct-synuclein staining in lein (Figs 4a and b) and lightly stained for ubiquitin
perikaryon and processes. Immunostaining of control VM (Fig. 4c). The cx-synuclein/ubiquitin-immunoreactive inclu-
cultures for ubiquitin revealed staining in neuronal perikarya sions varied in number and size from a single large inclusion
and processes (Fig. 3d). The intensity of staining in neuronal (Fig. 4a) to several small cytoplasmic pebble-like structures
perikaryon and processes was increased following exposure (Fig. 4b) which tended to appear at an earlier time point.
to 5 jiM lactacystin for 24 h (Fig. 3e) but was reduced Inclusions were either round or oval and located in the
following treatment with 5 p-M UbA (Fig. 3f). middle of the cell body or displaced along the periphery of

the cell (Figs 4a-c). The intense cytoplasmic staining for
Inhibition of the UPS resulted in the formation of cx-synuclein made it difficult to clearly delineate inclusion
proteinaceous inclusions in the cytoplasm of VM neurons bodies in VM neurons following treatment with UbA
VM cultures treated with low concentrations of lactacystin although there was localized and concentrated immunoreac-

(5 plM) or UbA (5 p.M) for 24 h, parameters that produced tivity in perikarya (Fig. 4d).
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Fig. 2 Effects of inhibitors of the UPS on dopaminergic cell viability lactacystin (b) or in culture medium containing 10 lM UbA (c). Neurons

and morphology. VM cultures in 24-well culture plates were grown for were processed for TH-immunoreactivity.

24 h in culture medium only (a), in culture medium containing 10 pIm

Fig. 3 Effects of inhibition of the UPS on ce-synuclein and ubiquitin These parameters were shown to produce dopaminergic toxicity with

levels in VM neurons. VM cultures in 24-well culture plates were grown no significant effect on [
14

C]GABA uptake (Figs 1 and 2). Neurons

for 24 h in culture medium only (a,d), in culture medium containing were processed for ot-synuclein (a-c) or ubiquitin (d-f) immuno-

5 WiM lactacystin (be) or in culture medium containing 5 WIM UbA (c,f). reactivity.

Discussion apoptosis in cerebellar granule cells (Canu et al. 2000). It has

also been reported that lactacystin induces degeneration with

We demonstrate in primary VM cultures that inhibition of inclusion body formation in cultured PC 12 cells (Rideout et al.

normal proteasomal function with lactacystin induces a 2001). In the present study, we demonstrate that lactacystin

concentration-dependent degeneration of dopaminergic neu- causes dopaminergic cell death, alterations in protein handling
rons and the formation of inclusion bodies that stain positively and the formation of proteinaceous inclusion bodies in VM

for ci-synuclein and ubiquitin. Inhibition of UPS activity with cultures. Interestingly, lactacystin caused swelling of axonal
UbA similarly induces a dose-dependent degeneration of processes of VM neurons with increased staining for ubiquitin
dopamine neurons with an intense accumulation ofot-synuclein and ot-synuclein as are found in nigral dopaminergic neurons in

in focal deposits that resemble inclusion bodies. These find- PD (Mezey et al. 1998). Taken together, these observations

ings are consistent with the notion that failure of the UPS plays suggest that impairment of 26/20S proteasomal function in
a role in the etiopathogenesis of PD (McNaught et al. 2001). SNc neurons could play an important role in the neurodegen-

Lactacystin, an antibiotic derived from Streptomyces, erative process occurring in patients with sporadic PD
selectively inhibits the proteolytic activities of 26/20S protea- (McNaught and Jenner 2001; McNaught et al. 2002).
somes (Craiu et al. 1997; Fenteany and Schreiber 1998; A mutation in the gene that encodes for UCH-LI, a

McNaught and Jenner 2001). Lactacystin-mediated impair- de-ubiquitinating enzyme, has been reported in a small
ment of 26/20S proteasomal activity has been shown to cause number of patients with familial PD, and expression of the
the accumulation of ubiquitinated proteins and to induce mutant protein in Escherichia coli results in a 50% loss of

© 2002 International Society for Neurochemistry, Journal of Neurochemistry, 81, 301-306
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and the presence of inclusion bodies that are immunoreactive
for ubiquitin and other proteins (Saigoh et al. 1999). Thus,
impairment of UCH-LI could directly lead to protein handling
dysfunction and nigral pathology in this familial form of PD.

Our study suggests that dopaminergic neurons are more
susceptible than GABAergic neurons to alterations in
viability following inhibition of the UPS with lactacystin,
based on the significant differences in dopamine versus
GABA uptake. This may relate to the highly oxidative
environment within dopaminergic neurons which requires the
UPS to clear a high level of damaged proteins that have the
potential to be cytotoxic (Hirsch et al. 1997; Davies 2001;
Sherman and Goldberg 2001). This may explain why nigral
dopaminergic neurons preferentially degenerate in familial
forms of PD despite alterations in protein expression and/or
UPS function elsewhere in the brain (Shimura et al. 1999).

There is increasing evidence which points to interference
with normal UPS function as an important etiopathogenic
factor in PD. Gene defects in parkin and UCH-L1 that impair
the ubiquitination of proteins necessary for 26/20S proteaso-
mal degradation have been found in a small number of families
with PD-like syndromes (Leroy et al. 1998; Shimura et al.

Fig. 4 Effects of inhibition of the UPS on the formation of cytoplasmic 2001). Further, sporadic PD has been shown to be associated
inclusions in VM cultures. VM cultures in 24-well culture plates were with impaired 26/20S proteasomal function (McNaught and
grown for 24 h in culture medium only or in culture medium containing Jenner 2001; McNaught et al. 2002). ct-Synuclein, which is
5 ItM lactacystin or 5 pIM UbA which, under these conditions, caused implicated in both sporadic and familial forms of PD, is
dopaminergic cell death, but had no effect on [

14 C]GABA uptake degraded by 26/20S proteasomes (Bennett et al. 1999;
(Figs 1 and 2). Neurons were processed for ea-synuclein and ubiquitin
immunoreactivity. (a) Five-micromolar (mM) lactacystin-treated cul- Goedert 2001; Tofaris et al. 2001). Further, a glycosylated
tures reveal a single o-synuclein-positive cytoplasmic inclusion body. form of ot-synuclein has been shown to be a substrate for
(b) Five-micromolar lactacystin-treated cultures revealing several parkin in SNc dopaminergic neurons in normal human
small a-synuclein-immunoreactive pebble-like inclusions in these cells, subjects and its ubiquitination and proteasomal degradation
(c) Five-micrometer lactacystin-treated cultures revealing inclusion are inhibited when parkin activity is impaired in AR-JP
bodies lightly immunoreactive for ubiquitin. (d) Five-micromolar UbA- (Shimura et al. 2001). Thus, our findings support the concept
treated cultures revealing accumulation and localized immunoreac- that defects in the UPS with altered protein handling could
tivity for ot-synuclein. play a significant role in the degeneration of dopaminergic

neurons, protein accumulation and Lewy body formation that
enzymatic activity in comparison to wild-type controls (Leroy occur in patients with sporadic and familial PD.
et al. 1998). UbA blocks UCH thereby reducing the avail-
ability of ubiquitin monomers for degradation of proteins via Acknowledgements
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ABSTRACT
Levodopa is the "gold standard" for the symptomatic treatment mesencephalic cultures and rat pups in which glutathione syn-
of Parkinson's disease (PD). There is a theoretical concern, thesis has been inhibited by L-buthionine sulfoximine. Levo-
however, that levodopa might accelerate the rate of nigral dopa toxicity to cultured dopaminergic neurons was enhanced
degeneration, because it undergoes oxidative metabolism and by glutathione depletion and diminished by antioxidants. In
is toxic to cultured dopaminergic neurons. Most in vivo studies contrast, treatment of neonatal rats with levodopa, adminis-
do not show evidence of levodopa toxicity; levodopa is not tered either alone or in combination with glutathione depletion,
toxic to normal rodents, nonhuman primates, or humans and is did not cause damage to the dopamine neurons of the sub-
not toxic to dopamine neurons in dopamine-lesioned rodents stantia nigra or changes in striatal levels of dopamine and its
or nonhuman primates in most studies. However, the potential metabolites. This study provides further evidence to support
for levodopa to be toxic in vivo has not been tested under the notion that although levodopa can be toxic to dopamine
conditions of oxidative stress such as exist in PD. To assess neurons in vitro, it is not likely to be toxic to dopamine neurons
whether levodopa is toxic under these circumstances, we have in vivo and specifically in conditions such as PD.
examined the effects of levodopa on dopamine neurons in

Levodopa (L-3,4-dihydroxyphenylalanine; L-dopa) is the 1993; Basma et al., 1995; Lai and Yu, 1997). In contrast,
most effective symptomatic treatment for Parkinson's dis- levodopa has not been convincingly shown to be toxic to
ease (PD). However, there is an ongoing debate as to whether dopamine neurons in vivo. Chronic levodopa treatment does
levodopa therapy might, independent of its symptomatic ef- not affect the survival of substantia nigra pars compacta
fects, promote the degeneration of dopamine neurons and (SNc) dopamine neurons in normal rodents (Hefti et al.,

thereby accelerate the rate of progression of PD (Fahn, 1996; 1981; Perry et al., 1984), nonhuman primates (Zeng et al.,
Olanow and Stocchi, 2000). Levodopa is converted in the 2001), or humans (Quinn et al., 1986). Recent studies also
brain to dopamine; both levodopa and dopamine undergo indicate that levodopa is not toxic to 1-methyl-4-phenyl-
oxidative metabolism and can thereby generate cytotoxic free 1,2,3,6-tetrahydropyridine-treated rodents, and indeed may
radicals and other oxidizing species. Concerns for levodopa even have trophic effects (Murer et al., 1998; Datla et al.,

toxicity arose mainly from studies using embryonically de- 2001). However, in these studies, oxidative defense mecha-
rived or transformed cells in culture. Several laboratories, nisms were preserved and there is no evidence to suggest
including our own, have shown that under certain conditions that the SNc was in a state of oxidative stress. The situation
levodopa and dopamine can be toxic to a variety of neuronal may be different in PD, where there is evidence that the SNc
cells in vitro and that dopamine neurons are especially sen- is in a state of oxidative stress (Jenner and Olanow, 1996)
sitive to this toxicity (Mena et al., 1992; Mytilineou et al., and dopamine neurons may be vulnerable to oxidizing spe-

cies.
In the SNc in PD, there is an increase in the concentration

This work was performed in the Bendheim Parkinson Disease Center and

supported by grants from the U.S. Army (DAMD179919557) and the Bach- of iron, which promotes oxidative reactions, and a decrease in
man-Strauss Dystonia and Parkinson Foundation. the concentration of reduced glutathione (GSH) (Perry et al.,

Article, publication date, and citation information can be found at
http:/jpet.aspetjournals.org. 1982; Sian et al., 1994), an important brain antioxidant. In

DOI: 10.1124/jpet.102.042267. addition, oxidative stress in the PD nigra could result from

ABBREVIATIONS: PD, Parkinson's disease; SNc, substantia nigra pars compacta; GSH, reduced glutathione; MEM, minimal essential medium;
TH, tyrosine hydroxylase; MAP-2, microtubule-associated protein-2; PBS, phosphate-buffered saline; BSO, L-buthionine sulfoximine; MTr,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium; PCA, perchloric acid; HPLC, high-performance liquid chromatography; ANOVA, analysis of
variance; SOD, superoxide dimutase; DOPAC, 3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid; 6-OHDA, 6-hydroxydopamine.
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overactivity of surviving dopamine neurons with increased medium was carefully removed and the formazan crystals were

hydrogen peroxide (H 2 0 2 ) production (Cohen, 1990). Collec- dissolved in 1 ml of isopropyl alcohol by gentle shaking of the plate.

tively, these changes could promote the formation of reactive Absorbance was determined at 570 nm in a microplate reader (Spec-

oxygen species and induce oxidative damage. Indeed, there is tramax 250; Molecular Devices, Sunnyvale, CA).

evidence of oxidative damage to proteins, lipids, and DNA in EHI]Dopamine Uptake. For measurement of dopamine uptake cul-

the SNc of PD patients (Jenner and Olanow, 1996). The tures were washed with Krebs' phosphate buffer (pH 7.4) to remove any

addition of levodopa under these conditions could add to the drugs remaining in the incubation medium and incubated for 30 min at

pro-oxidant environment in the SNc by way of the formation 37°C with the same buffer containing 0.2 mg/ml ascorbic acid and 0.5
pSCi/ml [PHldopamine (32.6 Ci/mmol; PerkinElmer Life Sciences). After

of reactive oxygen species formed during the autoxidation or rinsing, the radioactivity was extracted with 1 ml of 95% ethanol, which
metabolism of levodopa and/or dopamine (Graham, 1978). was added to vials containing scintillation cocktail and the radioactivity
Furthermore, the quinone products of levodopa autooxida- measured in a scintillation spectrometer (Packard Tri-Carb 2100). Cul-
tion can bind to and deplete GSH levels, thereby further tures treated with the neuronal dopamine uptake blocker 1-42-[bis(4-
reducing antioxidant defenses available to dopamine neu- fluorophenyl)methoxylethyll-4-[3-phenylpropyllpiperazine hydrochlo-
rons. Indeed, increased levels of cysteinyldopa have been ride (GBR-12909; 10 p.M) were used as blanks. Blank values were less

found in PD brains (Fornstedt et al., 1989; Spencer et al., than 10% of untreated controls.

1998). Glutathione Assay. GSH was quantified using a modification of

To determine the potential toxicity of levodopa in models in a standard recycling assay based on the reduction of 5,5-dithiobis-

which oxidative defense mechanisms are impaired to more (2-nitrobenzoic acid) with glutathione reductase and NADPH (Ti-

closely resemble the situation in PD, we examined the effect etze, 1969). In brief, for cell cultures the medium was carefully
aspirated from the culture wells, 300 p.l of 0.4 N perchloric acid

of levodopa on mesencephalic cultures and newborn rat pups (PCA) was added, and the plates were kept on ice for 30 min. The
with oxidative stress induced by reduced levels of GSH. PCA was then collected and stored at -80°C until assayed. Both

oxidized [glutathione disulfide (GSSG)l and reduced (GSH) forms of

Materials and Methods glutathione are measured with this assay. However, because of the
small amounts of glutathione disulfide present in mesencephalic

Materials. Time pregnant Sprague-Dawley rats and 2-day-old rat cultures (--5% of total; Mytilineou et al., 1993), the values obtained
pup litters were purchased from Taconic Farms (Germantown, NY). were considered to represent GSH content.
MEM was purchased from Invitrogen (Carlsbad, CA), horse serum The tissue attached to the bottom of the wells after removal of the
from Gemini (Calabasas, CA), and NU serum from Collaborative PCA was dissolved in equal volumes of 20% SDS and 0.5 N NaOH
Research (Bedford, MA). ['HlDopamine (specific activity 32.6 Ci! and used for protein determination according to the method of Lowry
mmol) was from PerkinElmer Life Sciences (Boston, MA). Primary et al. (1951) with bovine serum albumin as a standard.
polyclonal antibodies to tyrosine hydroxylase (TH) were purchased To determine the GSH levels in the rat pups, the animals were
from Protos Biotechnologies (New York, NY) and monoclonal anti-
bodies to microtubule associated protein-2 (MAP-2) from Chemicon mg/kg, respectively), perfused intracardially with 50 ml of ice-cold
International (Temecula, CA). Secondary antibodies conjugated to saline to remove blood; quickly decapitated; and the brain removed,
Alexa fluorescent dyes were from Molecular Probes (Eugene, OR). separated into forebrain and hindbrain, and frozen on dry ice. The
Other chemicals were from Sigma-Aldrich (St. Louis, MO). brains were homogenized in 10 volumes of 0.4 M PCA.

Cell Cultures. The protocols for handling animals and preparing HPLC Analysis. The levels of levodopa, dopamine, and dopamine
cell cultures followed the NIH guidelines and were approved by the metabolites were assayed by HPLC with amperometric detection as
institutional review committee. Mesencephalic cultures were pre- detrbed prev assl y HPL C wit eom9 trie brainpared from embryonic rats on the 14th day of gestation as described described previously (Kalir and Mytilineou, 1991). In brief, brain

pare frm ebrynic atson he 4th ay f gstaion s dscrbed tissue was frozen on dry ice and stored at -80°C. Before analysis the
previously (Mytilineou et al., 1999). In brief, the mesencephalon was
dissected free of meninges and collected in Ca 2 - and Mg 2 -free tissues were sonicated in 0.4 M PCA (dilution 1:5 or 1:10), centri-

phosphate-buffered saline (PBS). The tissue was mechanically dis- fuged, and the supernatants were injected into an HPLC (model

sociated into a single cell suspension and plated in 24-well plates 5000; ESA, Chelmford, MA).

precoated with L-polyornithine (0.1 mg/ml) at a density of 200,000 Immunocytochemistry. Cells were plated on polyornithine-

cells/cm 2 . The medium consisted of MEM supplemented with 2 mM coated glass coverslips in 24-well plates. They were fixed with 4%

glutamine, 33 mM glucose, 10% horse serum, and 10% NU serum. paraformaldehyde in PBS for 30 min at room temperature and

Treatments began on the 3rd day in vitro, at which time the medium permeabilized and blocked with 0.3% Triton X-100 and 3% bovine

was changed to MEM containing only 5% horse serum. This prepa- serum albumin for 30 mi. Cultures were exposed to the primary

ration (low plating cell density and low serum content) results in antibodies overnight at 4°C at dilutions of 1:1000 for TH and 1:400

cultures relatively enriched in neurons. for MAP-2. Secondary antibodies conjugated to Alexa fluorescent

Treatment of Rat Pups. Treatment of rats began on the 5th dyes were used at a dilution of 1:1000 for 30 min. The cultures were

postnatal day. The animals were divided into four treatment groups observed with a fluorescence microscope (Olympus, Tokyo, Japan)

who were injected subcutaneously with 1) 100 mg/kg L-dopa methyl and the images recorded with a Spot video camera. For cell counts

ester plus 200 mg/kg L-buthionine sulfoximine (BSO), 2) 100 mg/kg after incubation with the primary antibodies the cultures were pro-

L-dopa methyl ester alone, 3) 200 mg/kg BSO alone, and 4) saline cessed with the peroxidase-coupled avidin-biotin ABC kit with 3,3'-
controls. Injections were administered twice daily for three or five diaminobenzidine tetrahydrochloride as a chromogen. The number
doses and the animals were sacrificed 24 or 72 h after the last of dopaminergic neurons in cultures was determined by counting the
injection. A group of animals injected as described above was sacri- cells positively immunostained for TH. Forty fields (1 X 1 mrm) in two
ficed 2 h after the first injection to confirm entry of levodopa in the transverse strips across the diameter of the dish were counted using
brain. an inverted microscope (Nikon, Melville, NY) at 20X magnification.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bro- For immunohistochemistry of brain sections, the animals were
mide (M1T) Assay. Cell viability was determined by the MTT anesthetized with a mixture of ketamine and xylazine as described
reduction assay, as described previously (Han et al., 1996). In brief, above, perfused intracardially with 50 ml of saline, followed by 4%
50 pýl of a 5-mg/ml solution of MT'I was added to each cell culture paraformaldehyde in 0.01 M PBS. The brains were immediately
well containing 0.5 ml of medium. After 1-h incubation at 37°C, the removed and immersed in 4% paraformaldehyde in PBS at 4VC for
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Statistical Assessment. For multiple comparisons, statistical
A 125- Control analysis was carried out with ANOVA followed by Tukey's test.

M BSO 5011M Significance between two groups was tested by independent two-

1 00- - tailed t test.

S75- Results

50" In Vitro Studies

Oltq GSH Depletion Increases Levodopa Toxicity in Mes-
25 encephalic Cultures. The effect of levodopa (50, 100, and

0 1 200 pM) on cell viability was examined in mesencephalic

0 50 100 200 cultures in the presence or absence of BSO, an inhibitor of
100p 200 GSH synthesis (Fig. 1). In cultures with normal GSH content

L-Dopa (p•M) (i.e., no BSO), 72 h of treatment with levodopa was associated

with a dose-dependent reduction in cell viability, as deter-
B 125- mined by the MTT assay (Fig. 1A). Treatment with 50 jIM

= Control BSO alone did not cause cell loss. However, when BSO was

. • 100- M BSO 50gM combined with levodopa, there was a dose-dependent reduc-
tion in cell survival that was greater than the cell loss caused

75- by levodopa alone.
5 .The sensitivity of dopamine neurons to levodopa and/or

50- BSO treatment was examined by measuring [SH]dopamine
uptake (Fig. 1B) and by counting the number of cells labeled

25with antibodies to TH, the rate-limiting enzyme in the syn-ND thesis of dopamine (Fig. 1C). The combination of these two- rmethods of analysis provides a close estimate of the extent of
0 50 100 200 damage to dopamine fibers and dopamine neurons (Mytilin-

L-Dopa (pM) eou et aL, 1997). After 72 h of treatment, all concentrations of

125- levodopa reduced [SH]dopamine uptake, and this effect was
N ,enhanced by combined treatment with BSO. The effect of

100- levodopa and/or BSO on dopaminergic neurons seems to be
_ much greater than their effect on overall cell viability (com-

-1
75- pare Fig. 1B with Fig. 1A). Although 50 iM levodopa had no

. II apparent effect on cell viability using the MTT assay, [3H]do-
50- pamine uptake was reduced by 46% compared with control.

'a. Similarly, exposure to 100 and 200 pM levodopa reduced
25 [3H]dopamine uptake by 68 and 90% of control values, re-

V-o spectively, whereas cell viability was reduced by only 14 and
Control k-opa so eSO-L-Oop 52% with the same concentrations of levodopa. This suggests

Fig. 1. GSH depletion increases levodopa toxicity in vitro. Mesencephalic preferential involvement of dopamine neurons.
cultures were treated with levodopa in the presence or absence of 50 ýM The increased sensitivity of dopamine neurons to levodopa
BSO on the 3rd day in vitro and cell survival was determined after 72 h toxicity was confirmed by double-label immunocytochemistry
by the MTF assay (A), neuronal [-H]dopamine uptake (B), and TH- with antibodies to TH and MAP-2, which labels all neurons
positive cell counts (C). Levodopa concentration in C was 100 MM. ND, not
detectable. Columns are means m S.E.M. (A, n - 15; B, n - 9; and C, n = (Fig. 2). After treatment with 100 AM levodopa, damaged
8-9). ***, differs from controlp < 0.001; **, p < 0.01. ###, differs from the TH-positive neurons can be seen in an area where other
corresponding group not treated with BSOp < 0.001. ANOVA followed by neurons labeled with MAP-2 seem to be intact (Fig. 2, C and
Tukey's test. D). BSO treatment alone (50 uM) did not affect neuronal

5 h, and then blocked, sunk in 30% sucrose in the same buffer, and survival (Fig. 2, E and F), whereas the combination of BSO
cut on a cryostat into 5 0 -Am sections. and levodopa (100 pjM) caused severe damage to neurons

Sections were washed three times in 0.1 M PBS for 5 min each, stained with both TH and MAP-2 (Fig. 2, G and H).
incubated with 5% normal goat serum in 0.01 M PBS with 0.2% Antioxidants Protect from Levodopa Toxicity, The
Triton X-100 for 1 h, and then incubated overnight at 4°C with decrease in cell viability caused by levodopa and by the
mouse monoclonal antibody to tyrosine hydroxylase at a concentra- combination of BSO and levodopa was markedly decreased
tion of'40 ng/ml, with 0.2% Triton X-100 and 2.5% normal goat serum by the antioxidant ascorbic acid (200 uM) (Fig. 3A). The
in 0.01 M PBS. After washing three times in PBS, sections were antioxidant enzymes catalase (300 U/ml) and superoxide dis-
incubated for 60 min in biotinylated anti-mouse antibody (Vector mutase (SOD; 300 U/ml) also provided some protection from
Laboratories, Burlingame, CA) at a dilution of 1:200, washed again levodopa toxicity (Fig. 3B). A combination of SOD and cata-
three times in PBS, and incubated for 60 min in peroxidase-conju- lase was more effective.
gated avidin (ABC) solution (Vector Laboratories). After washing,
sections were developed in 3,3'-diaminobenzidine tetrahydrochloride Effects of Levodopa and BSO on GSH Levels. We also
(10 mg/10 ml of PBS) with 4.3 l•/10 ml of 30% hydrogen peroxide. examined the effect of levodopa on GSH levels in mesence-
Sections were mounted and dried overnight, dehydrated, defatted, phalic cultures (Fig. 4). Levodopa did not alter GSH content
and coverslipped using Permount (Fisher Scientific, Fair Lawn, NJ). after 24 h of treatment, but enhanced the loss of GSH that
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MAP2 TH

0

Fig. 2. Dopamine neurons are sensitive to levo-
0 dopa toxicity in vitro. Photomicrographs from

mesencephalic cultures double labeled with an-
. itibodies to MAP-2 (A, C, E, and G) and TH (B, D,

F, and H). The same area is photographed with
the two different antibodies. A and B, control
culture. C and D, culture treated with 100 iiM
levodopa for 72 h. E and F, culture treated with
50 ILM BSO for 72 h. G and H, combination of
BSO and levodopa treatment. The arrows in the
MAP-2-labeled photomicrographs indicate the
TH-positive neurons shown in the right-hand
panel. Scale bar, 25 Am.

0

0.

0

occurred in the presence of BSO in a dose-dependent manner BSO and levodopa with and without ascorbic acid (Table 1).
(Fig. 4A). After 72 h of exposure to 100 pM levodopa, there In agreement with the data shown in Fig. 4B, treatment of
was a significant increase in GSH when levodopa was admin- control cultures with 50 or 100 pM levodopa for 72 h resulted
istered alone or in combination with 1 pM BSO (Fig. 4B). In in significant increases in GSH content. Ascorbic acid pre-
contrast, GSH levels were significantly reduced when 100 vented the up-regulation of GSH caused by levodopa but not
tLM levodopa was combined with 10 or 50 pM BSO. A higher the depletion induced by BSO (50 /M).
concentration of levodopa (200 p.M) had no effect on GSH
levels in control cultures, and enhanced the depleting effect In VIvo Studies

of BSO at all concentrations (Fig. 4B). In Vivo Effect of Levodopa and BSO on GSH Levels.
To determine whether the protection from levodopa toxic- The levels of GSH were measured in the brains of rat pups

ity by ascorbic acid was related to an effect on cellular GSH after treatment with levodopa alone or in combination with
content, we examined levels of GSH in cultures treated with BSO. Neonatal rats were used because BSO does not effec-
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A 150 o A 24 hours treatment
EZ(-) Levodopa

S(+) Levodopa 150-
0 " S Control

S100- 04" 125- E L-Dopa 100tiM
*** •..g 100 L-Dopa 200pM

Control Ascorbate BSO RI 0 + Asc 0 25

0
0 1 5 10 50

BSO (MlM)
B 150- Levodopa

E•()Levodopa0 a B 72 hours treatment
B M 100-

"°" 175-0: 100 15=__ Control

Si50. S. i. sM L-Dopa 200pM.. 9XI• 0 125-

0 100- =*
Control Catalase SOD Cat + SOD 46 75-

Fig. 3. Antioxidants protect from levodopa toxicity in vitro. The effect of . 5
ascorbic acid (200 pM; A) and catalase (300 units/ml) and SOD (300 so- 50
units/ml; B) was studied in mesencephalic cultures treated on the 3rd day (f
in vitro with 200 1.4M levodopa in the presence or absence of 50 MM BSO. 0 25-
Cell viability was determined with the MTT assay after 72 h. Columns
are means t S.E.M. n - 15/group for A and 8/group for B. t**, differs 0
from the corresponding group not treatedwith levodopap < 0.001; **,p < 0 1 5 10 50
0.01; ###, differs from the group not treated with ascorbatep < 0.001; ***,
differs from the group treated with levodopa alone p < 0.001. ANOVA BSO (ItM)
followed by Tukey's test. Fig. 4. Effect of levodopa on GSH levels in mesencephalic cultures.

Cultures were treated with 100 or 200 ýM levodopa in the presence of
tively cross the blood-brain barrier in the adult rat and increasing concentrations of BSO. GSH was measured 24 or 72 h after
results in only minor GSH depletion (Slivka et al., 1988). A treatment. Bars are means ý S.E.M. (n = 4/group). *** p < 0.001

course of treatment with either three or five injections of BSO compared with the corresponding group not treated with levodopa.coure o tratmet wth ithr thee r fve njecion ofBSO ANOVA followed by Tukey's test.

reduced GSH levels to 30 and 25% of control values, respec-

tively, measured 24 h after the last injection (Table 2). Sim- metabolism of levodopa during this time. DOPAC and HVA
ilar reductions were achieved in both the forebrain and hind- levels were increased between 50 and 100 times during the
brain. This depletion, however, was not sustained and levels 2 h after levodopa injection (Table 3).
of GSH returned to almost 80% of control values after ap- Levodopa Does Not Damage Dopamine Neurons in
proximately 3 days. Injections of levodopa alone (100 mg/kg) Vivo. The survival of dopamine neurons after in vivo treat-
did not cause significant changes in GSH levels and did not ment with BSO and levodopa was examined by TH immuno-
modify the depletion of GSH caused by BSO (Table 2). To cytochemistry of midbrain sections from rat pups. No appar-
ascertain that significant amounts of levodopa enter the ent damage to dopamine neurons could be observed 3 days
brain and that there is no interference in levodopa entry by after five injections of levodopa, even when GSH content was
BSO, we injected 5-day-old rat pups with 100 mg/kg levodopa substantially reduced by coadministration of BSO (Fig. 5). To
and/or 200 mg/kg BSO and assayed for levodopa and dopa- further assess the possibility of damage to substantia nigra
mine by HPLC 2 h after the injection. Levodopa could not be dopamine neurons after levodopa and/or BSO injections, we
detected in the brain of control or BSO-treated animals, but determined the levels of dopamine and dopamine metabolites
was present in significant amounts after levodopa injection in the midbrain and striatum, 3 days after five injections.
(Table 3). Injection of BSO did not interfere with the entry of Table 4 shows that striatal and mesencephalic levels of do-
levodopa in the brain. The levels of dopamine were more that pamine and metabolites were not different when levodopa
10 times higher after levodopa injection, indicating active was administered to control or BSO-treated animals.
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TABLE 1

Effect of levodopa and ascorbic acid treatment on the levels of GSH in mesencephalic cultures

Mesencephalic cultures were treated for 72 h with 50 IM BSO in the presence of 50, 100, or 200 yM levodopa, beginning on the 3rd day in vitro. Ascorbate (200 OM) was
added at the same time with BSO. The values represent means m S.E.M. (n -- 9-12 from two independent experiments). The numbers in parentheses are the values expressed
as percentage of untreated controls.

GSH
Levodopa

Control BSO Ascorbate Ascorbate ÷ BSO

MM nmollmg protein

0 24.0 : 1.0 (100) 3.0 +: 0.3 (12) 25.7 ±- 0.5 (107) 4.4 ± 0.2 (18)

50 31.3 ± 0.9 (131)*** 2.2 = 0.1 (9) 26.5 ± 0.5 (111) 3.3 ± 0.1 (14)

100 37.7 t 1.0 (157)*** 0.0 0.0 (0) 26.0 ±- 1.4 (109) 1.6 ± 0.1 (7)

200 25.6 ± 0.7 (107) 0.0 ± 0.0 (0) 21.6 ± 1.6 (90) 0.0 ± 0.0 (0)

"* p : 0.001 compared with control cultures not treated with levodopa. All BSO-treated groups were different from corresponding controls p < 0.001; ANOVA followed
by Tukey's post test.

TABLE 2 1993). The protection by ascorbic acid in our study was not
Effect of levodopa and BSO injections on the GSH content of the due to sparing of cellular GSH, as was the case after in vivo
neonatal rat brain administration of BSO (Martensson et al., 1991), indicating
Levodopa methyl ester (100 mg/kg) and BSO (200 mg/kg) were dissolved in saline
and injected s.c. to rats beginning on the 5th postnatal day, in a volume of 10 P/10 that ascorbic acid can serve as an essential antioxidant even

g body weight. The animals received one injection the 1st day of treatment and then under conditions of severe GSH depletion (Martensson et al.,
two injections daily. The data are means ± S.E.M. from five to six animals per group t
from two separate experiments, except for the group assayed 72 h later (2-3 animals/ 1991). Levodopa oxicity was also diminished by the antiox-
group)- idant enzymes catalase and SOD, which provides further

GSH support for the involvement of reactive oxygen species in
Treatment Findbrain levodopa toxicity.

A dual effect, both an increase and a decrease in the con-
% of untreated tent of GSH, resulted from in vitro treatment with levodopa,

3 injections, assay 24 h later with high concentrations further depleting GSH when ad-
Saline 100.0 t 3.8 100.0 - 1.2
BSO (200 mg/kg) 29.3 ± 0.7*** 26.9 ± 1.2*** ministered in combination with BSO. Lower levodopa con-

Levodopa (100 mg/kg) 104.2 ± 3.1 101.0 i 3.0 centrations caused a delayed up-regulation of GSH content
BSO + levodopa 29.4 ± 0.9*** 24.3 t 1.3"** when administered alone or with low concentrations of BSO.

5 injections, assay 24 h later In our previous studies, we have shown that mild oxidative
Saline 100.0 ± 3.8 100.0 -: 3.9
BSO (200 mg/kg) 22.9 ± 1.7"** 17.7 ± 1.6"** stress caused by low-concentration levodopa treatment in-
Levodopa (100 mg/kg) 102.5 ± 2.6 104.5 ± 2.8 creases GSH content in mesencephalic cultures (Mytilineou
BSO + levodopa 23.6 t 1.7*** 17.4 .t 2.7*** et al., 1993; Han et al., 1996), possibly because of an up-

5 injections, assay 72 h later
Saline 100.0 ± 3.0 100.0 ± O.5 regulation of defense mechanisms after sublethal injury. In

BSO (200 mg/kg) 80.5 1:. 0.1* 74.9 ± 0.1 support of this interpretation, the up-regulation of GSH was
Levodopa (100 mg/kg) 95.3 ± 4.4 100.1 ± 11.5 prevented by the antioxidant ascorbic acid (Han et al., 1996).
BSO - levodopa 80.1 ± 0.9* 76.6 ± 3.1 Thus, levodopa can have opposing effects on GSH levels,

* p < 0.05; ***p < 0.001 compared with the corresponding controls. ANOVA causing up-regulation of GSH synthesis as a result of mild
followed by Tukey's pest test. The GSH values in control animals varied among
different groups from 0.82 to 0.93 ymol/g wet weight in the forebrain and from 1.2 to oxidative damage and reductions in GSH at higher concen-
1.6 jLmol/g wet weight in the hindbrain. trations. This latter effect is possibly related to both GSH

consumption during oxidative stress and binding of levodopa-
derived quinones to remaining GSH molecules. The net effect

Discussion of levodopa on GSH content thus depends on the levodopa
In this study, we examined the in vitro and in vivo effects concentration.

of levodopa on mesencephalic neurons exposed to oxidative The results of the in vivo administration of levodopa to

stress through the depletion of GSH. GSH is a major soluble experimental animals have been conflicting. A potential for

cellular antioxidant that has been shown to reduce levodopa levodopa to induce in vivo toxicity is suggested in a study

toxicity in vitro (Lai and Yu, 1997), whereas its depletion showing that levodopa treatment to rodents that had sur-
causes cell death in mesencephalic cultures (Mytilineou et vived exposure to 6-hydroxydopamine (6-OHDA) caused fur-

al., 1999). The in vitro toxicity of levodopa is well documented ther damage to dopamine neurons in the ventral tegmental
(Mena et al., 1992; Mytilineou et al., 1993; Basma et al., area (Blunt et al., 1993). However, these results are not
1995; Melamed et al., 1998). Our data confirm these reports supported by more recent studies, where levodopa treatment
and further demonstrate that dopamine neurons in vitro after partial 6-OHDA lesions actually enhanced neuronal

become especially sensitive to levodopa when GSH levels are survival (Murer et al., 1998; Datla et al., 2001). Levodopa has

depleted. Levodopa in the presence of the GSH synthesis also been reported to cause damage to embryonic dopamine
inhibitor BSO causes further depletion of GSH, which could neurons transplanted into the striatum of 6-OHDA-lesioned

contribute to the increased toxicity. The toxicity of levodopa, rats (Steece-Collier et al., 1990), although another study did

even under conditions of low levels of GSH, was significantly not confirm these findings (Blunt et al., 1992).
reduced by the antioxidant ascorbic acid at concentrations These studies have provided the clinical community with
reported to be normally present in the extracellular space some level of comfort that levodopa is not toxic to dopamine
(Spector, 1989). Protection from in vitro levodopa toxicity by neurons in vivo, but no study has yet examined the effects of

ascorbic acid has been reported previously (Mytilineou et al., levodopa under conditions of increased oxidative stress, such
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TABLE 3
Levels of L-dopa, dopamine, and dopamine metabolites in 5-day-old rat pups injected with levodopa and BSO
Rats were injected subcutaneously on postnatal day 5 with 100 mg/kg levodopa and/or 200 mg/kg BSO in a volume of 10 AI/10 g body weight. The control group was injected
with the same volume of saline. Brains were dissected and frozen on dry ice 2 h after injection, and PCA extracts were assayed for catecholamines with HPLC. The values,
expressed as nanograms per gram wet weight, represent means ± S.E.M. (n = 6 animal/group).

Treatment group Ldopa Dopamine DOPAC HVA

Control 0 148 7 144±+7 161±8

BSO (200 mg/kg) 0 152 14 135 ± 11 184 .. 8

Levodopa (100 mg/kg) 90 + 15"** 1,588 -106"** 12,228 -272*** 7,365 _ 232***
BSO I- levodopa 129 ± 11*** 1,902 ± 159*** 13,198 -278*** 6,979 1 129"**

** Differs from corresponding control group p <• 0.001; ANOVA followed by Tukey's post test.

:.M.

:M+
.W+

.......................................... ....

Fig. 5. In vivo levodopa does not damage substantia nigra neurons. Midbrain sections from rat pups showing TH-positive dopamine neurons in the
substantia nigra. Treatment with levodopa and/or BSO caused no apparent loss of TH-positive neurons. A, control. B, levodopa (100 mg/kg, five
injections). C, BSO (200 mg/kg five injections). D, levodopa and BSO. Scale bar, 100 yro.

as occur in PD. In our study, oxidative stress due to GSH model that has some notable limitations. It is possible that
depletion synergistically enhanced cell death induced by more prolonged exposure to levodopa would eventually cause
levodopa in cell cultures. However, no change in TH staining damage to the nigrostriatal system in GSH-depleted animals
and neuronal morphology was observed in the substantia and furthermore that different results might been attained
nigra of rodent pups when levodopa was administered alone in the adult brain. Establishing a model for intracranial
or in combination with BSO, at levels resulting in an exten- infusion of BSO may allow for this issue to be examined in

sive depletion of brain levels of GSH (>75% loss). In contrast adult rats. However, neonatal animals do provide a good
to the in vitro results, levodopa had no effect on the GSH control for cultured dopamine neurons, in which the toxic
content of the brain of rat pups when administered either effects of levodopa of concern to clinicians have been de-
alone or in combination with BSO. In addition levodopa did scribed, and illustrate that in vitro toxicity is not necessarily
not change the levels of dopamine and its metabolites in the seen in the in vivo model.
rodent midbrain or striatum even when GSH levels were There are several possible explanations for the different

reduced by BSO. effects of levodopa in in vitro and in vivo models. Ascorbate
Several technical issues, such as inability of BSO to pene- levels are very low in mesencephalic cultures (Kalir and

trate the mature blood-brain barrier and its lethality to Mytilineou, 1991), and ascorbate protects against levodopa
young animals (Martensson et al., 1991) forced us to adopt a toxicity. In contrast, concentrations of ascorbic acid are high
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TABLE 4
Dopamine and dopamine metabolite levels in the striatum and ventral midbrain of rat pups, 3 days after injection of levodopa and BSO

Rats received five subcutaneous injections of 100 mg/kg levodopa, 200 mg/kg BSO, or a combination of the drugs in a volume of 10 p1/10 g body weight, twice daily, beginning
on postnatal day 5. The control group was injected with the same volume of saline. Seventy-two hours after the last injection (postnatal day 11) the striatum and ventral
midbrain were dissected and frozen on dry ice. PCA extracts were assayed for catecholamines with HPLC. The values are means ± S.E.M. from 10 to 12 animals per group
from two independent experiments expressed as percentage of controls. Control values in the two experiments varied for dopamine from 2040 to 5260 ng/g wet weight
(striatum) and 400 to 1480 ng/g wet weight (midbrain), for DOPAC from 910 to 1010 ng/g wet weight (striatum) and 210 to 300 ng/g wet weight (midbrain), and for HVA
from 410 to 800 ng/g wet weight (striatum) and 210 to 410 ng/g wet weight (midbrain). Analysis of variance showed no significant differences in the values of dopamine,
DOPAC, or HVA among the different groups.

Striatum Ventral Midbrain
Treatment

Dopamine DOPAC HVA Dopamine DOPAC HVA

Control 100.0 ± 4.3 100.0 ± 5.6 100.0 3.1 100.0 4.8 100.0 ± 11.4 100.0 -- 3.8
BSO 105.8 ± 5.6 103.4 ± 7.5 102.9 2.8 82.7 6.4 120.5 = 14.1 112.7 -: 4.0
Levodopa 87.5 ± 7.2 95.7 ± 5.3 93.7 ± 4.7 114.5 :t 15.0 103.6 ± 8.8 109.8 ± 6.7
BSO + levodopa 88.3 ± 7.8 109.0 ± 9.5 106.5 ± 7.4 82.9 ± 12.8 108.7 ± 9.3 110.7 ± 5.3

in the brain (Milby et al., 1982) and especially in the neonatal treatment on disability and mortality in Parkinson's disease. Adv Neurol 53:399-
403.

rat (Kratzing et al., 1985). Other antioxidant defense mech- Fahn S (1996) Controversies in the therapy of Parkinson's disease. Adv Neural

anisms may also contribute to the ability of in vivo neurons to 69'.477-486.

withstand oxidative insults. Glial cells, which lie in close FornstedtB, Brun A, Rosengren E, and Carlason A(1989)The apparent autoxidation
rate of catechols in dopamine-rich regions of human brains increases with the

association with the neurons in the brain, could serve as a degree of depigmentation of substantia nigra. J Neural Transm Park Dis Dement

buffer against toxic substances. Glial cells also secrete Sect 1:279-295.
Graham DG (1978) Oxidative pathways for catecholamines in the genesis of neu-

growth factors and other trophic substances that can protect romelanin and cytotoxic quinones. Mal Pharmacol 14:633-643.

neurons from damage (Park and Mytilineou, 1992; O'Malley Han SK, Mytilineou C, and Cohen G (1996) L-DOPA up-regulates glutathione and
protects mesencephalic cultures against oxidative stress. J Neurochem 66:501-et al., 1994; Sullivan et al., 1998). Indeed, glial-secreted 510.

factors have been shown to protect from levodopa toxicity in Hefti F, Melamed E, Bhawan J, and Wurtman RJ (1981) Long-term administration

vitro (Mena et al., 1997). of tLdopa does not damage dopamiergic neurons in the mouse. Neurology 31:1194-
1195.

There is also evidence arguing against levodopa toxicity in Jenner P and Olanow CW (1996) Oxidative stress and the pathogenesis of Parkin-

humans. For example, we have observed robust survival of son's disease. Neurology 47:S161-170.
Kalir HH and Mytilineou C (1991) Ascorbic acid in mesencephalic cultures: effects on

implanted dopamine neurons in levodopa-treated PD pa- dopaminergic neuron development. J Neurochem 57:458-464.

tients who had undergone fetal nigral transplantation (Kor- Kordower JH, Freeman TB, Chen EY, Mufoon EJ, Sanberg PR, Hauser RA, Snow B,

and Olanow CW (1998) Fetal nigral grafts survive and mediate clinical benefit in
dower et al., 1998) and long-term treatment with high-dose a patient with Parkinson's disease. Mov Disord 13:383-393.
levodopa did not cause apparent damage to SNc neurons in a Kratzing CC, Kelly JD, and Kratzing JE (1985) Ascorbic acid in fetal rat brain.

patient with atherosclerotic parkinsonism (Quinn et al., J Neurochem 44:1623-1624.
Lai CT and Yu PH (1997) Dopamine- and L-1l-3,4-dihydroxyphenylalanine hydro-

1986). Furthermore, clinical studies suggest that levodopa chloride (L-DOPA)-induced cytotoxicity toward catecholaminergic neuroblastoma

does not enhance the rate of disease progression or mortality SH-SYSY cells. Effects of oxidative stress and antioxidative factors. Biochem
Pharmacaol 53:363-372.

rate of PD patients (Diamond and Markham, 1990; Uitti et Lowry OH, Rosebrough NJ, Farr AL, and Randall RJ (1951) Protein measurement

al., 1993). Our in vitro study indicates that a decreased with the Folin phenol reagent. J Biol Chem 193:265-275.
Martenseon J, Meister A, and Martensson J (1991) Glutathione deficiency decreases

antioxidant capacity makes neurons more vulnerable to levo- tissue ascorbate levels in newborn rats: ascorbate spares glutathione and protects.

dopa and suggests that the potential for toxicity exists, espe- Proc Nail Acad Sci USA 88:4656-4660.

cially in the limited environment of cell culture. However, the Melamed E, Offen D, Shirvan A, Djaldetti R, Barzilai A, and Ziv 1 (1998) Levodopa
toxicity and apoptosis. Ann Neurol 440.5149-S154.

finding that levodopa is not toxic to dopamine neurons in an Mena MA, Casarejos MJ, Carazo A, Paino CL, and Garcia de Yebenes J (1997) Glia

in vivo model, in which oxidative stress had been induced by protect fetal midbrain dopamine neurons in culture from L-DOPA toxicity through
multiple mechanisms. J Neural Transm 104:317-328.

GSH depletion, is reassuring and provides additional support Mena MA, Pardo B, Casarejos MJ, Fahn S, and Garcia de Yebenes J (1992) Neuro-

for the notion that levodopa is not likely to be toxic to dopa- toxicity of levodopa on catecholamine-rich neurons. Moo Disord 7.23-31.
Milby K, Oke A, and Adams RN (1982) Detailed mapping of ascorbate distribution in

mine neurons in PD. rat brain. Neurosci Lett 28&169-174.
Murer MG, Dziewczapolski G, Menalled LB, Garcia MC, Agid Y, Gershanik 0, and
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Abstract

The proteins of the bcl-2 family play an important role during apoptosis and may also regulate cell death in response to oxidative
stress, which has been implicated in Parkinson's disease. In this study we examined the localization of the pro-apoptotic protein
bax, and the anti-apoptotic proteins bcl-2 and bcl-xL in the substantia nigra (SN) of the adult rat and their response to oxidative
stress caused by striatal injections of 6-hydroxydopamine (6-OHDA). Our data show that bcl-2, bcl-x and bax proteins are
present in the SN. Bcl-2 and bax are localized primarily in neurons including all those positive for tyrosine hydroxylase (TH).
The intraneuronal distribution of bcl-2 and bax were different. Bcl-2 was diffuse throughout the cell while bax was localized in
well-defined structures around the nucleus and within processes. Bcl-x staining in neurons was weak, though it was strongly
expressed in GFAP-positive astrocytes. 6-OHDA injections, which resulted in loss of dopamine neurons between 7-14 days
post-lesion, altered the distribution of bax, bcl-2 and bcl-x proteins in the SN. Bcl-2 and bax were decreased in the TH-positive
cells of the SN from 3 to 14 days post-lesion and many TH-positive neurons were bcl-2 negative. Neuronal bcl-x was initially
unchanged after lesion, but increased in astrocytes between 3-7 days post-lesion before the increase in GFAP immunoreactivity,
which was detectable at days 10-14. While the neuronal distribution of bcl-2 and bcl-x does not change following lesion, bax
became evenly distributed thought the soma. Morphological features of apoptosis, including TUNEL labeling and chromatin
condensation was not observed. These data suggest that striatal 6-OHDA lesions do not result in classical apoptosis in the SN
of the adult rat, even though there are changes in the content and distribution of members of the bcl-2 family of proteins.

Introduction

Parkinson's disease (PD) is a neurological disorder, the degeneration of dopamine neurons during PD
which results from the degeneration of dopamine (Tompkins et al., 1997; Anglade et al., 1997; Kosel et al.,
neurons in the substantia nigra pars compacta (SNpc). 1997; Jellinger, 2000; Banati et al., 1998). The bcl-2 family
While its etiology remains unknown, studies indicate plays a crucial role in mediating apoptosis in the brain
that oxidative stress may be involved. Evidence of (Merry & Korsmeyer, 1997; Gross et al., 1999; Sastry &
decreased mitochondrial complex I activity (Schapira Rao, 2000). The presence of mRNA for bcl-2, bcl-x and
et al., 1992) and depletion of glutathione (GSH) (Sofic bax in the adult central nervous system (Abe-Dohmae
et al., 1992; Sian et al., 1994) in post-mortem brains from et al., 1993; Castren et al., 1994; Shimohama et al., 1998;
PD patients, both of which could lead to oxidative Gonzalez-Garcia et al., 1995; Merry et al., 1994), suggests
stress, supports this notion. Further support is pro- that these genes and their protein products continue to
vided by the presence of lipid peroxidation in the SNpc, play a role in neuronal survival beyond the develop-
a marker of oxidative stress (Dexter et al., 1994, 1989). mental periods. Indeed, there is evidence that the bcl-2

Apoptosis, a genetically controlled process morpho- family of proteins may be involved in the dopaminergic
logically characterized by nuclear and cytoplasmic con- degeneration associated with PD (Tatton, 2000; Mogi
densation, chromatin fragmentation and membrane et al., 1996). These same proteins have also been shown
blebbing (Kerr et al., 1972), may also be involved in toplay a role in mediating cell death in response to
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oxidative stress. For example, over-expression of bcl- matrix (ASI Instruments, Inc. Warren, Ml). The block was cut
2 in PC-12 cells decreases signs of lipid peroxidation horizontally just below the aqueduct and the ventral lateral
following hydrogen peroxide treatment (Bruce-Keller area (containing the cerebral peduncle, SN pars compacta and
et al., 1998), whereas mice deficient in bcl-2 exhibit reticular) was carefully dissected and frozen at - 80 C until

increased indices of oxidative stress (Hochman et al., processed into RNA or protein.

1998).
6-Hydroxydopamine (6-OHDA), a neurotoxin spe- PCR

cific to catecholamine neurons, is widely used to model 2.5 pg of RNA, extracted with TRIzol® Reagent, was
the dopaminergic degeneration characteristic of PD reverse-transcribed to cDNA with Superscript'TM (Gibco,
(Sauer & Oertel, 1994; Jeon et al., 1995; Ichitani et al., Grand Island, NY) following manufacturer's protocol. PCR
1991; Kramer et al., 1999). Striatal 6-OHDA lesions re- was performed using 2.5 units of Platinum® Pfx DNA
sult in a delayed degeneration of dopaminergic neurons polymerase and supplied buffer (Gibco, Grand Island, NY).

in the SNpc. The majority of this degeneration occurs Primers for the amplification of bcl-2 (product size, 284 bp;

between seven and fourteen days, however dopamin- 5'atggcgcaagccgggagaacagggt3'/5'tcaggtgcagctgactggacatc-

ergic death can still be observed for up to sixteen-weeks ta3') bcl-xL/s (product size 397/210; 5'gcattcagtgatctaaca-
tcccagc3'/5'tctggtcacttccgactgaagagtg3') and bax (product

(Sauer & Oertel, 1994). size 402; 5'agaggatggctggggagacacctga3'/5'atgtgggcgtcccga-
The delayed time course of nigral degeneration fol- agtaggaaag3') were used as appropriate. Samples were

lowing striatal 6-OHDA lesions is consistent with the cycled 33 times (30 seconds at 94•'C, 30 seconds at 65"C,
slow progression of apoptosis and provides an attrac- 1 minute at 72°C) in a DNA thermal cycler FrTC-100lM
tive model to explore the possible links between oxida- (MJ Research, Watertown, MA). Amplified products were
tive stress, apoptosis, and dopaminergic degeneration. resolved by electrophoresis.
In this study we have investigated the distribution of
bcl-2, bcl-x and bax within the neurons and glia of the WESTERN BLOTS
SN of naive rats and then examined whether these pro- Whole cell lysate was prepared from untreated, control ven-
teins are altered following 6-OHDA lesions. tral midbrain as described above in ice-cold RIPA buffer

(10 mM Tris-HCL, 1% Triton X-100, 1% sodium deoxycholate,
0.1% SDS, 150 mM NaC1, pH 7.4) that contained Complete'TM

Materials and methods protease inhibitor cocktail (Roche, Indianapolis, IN). Soni-
ANIMALS AND SURGICAL PROCEDURES cated homogenates were centrifuged at 20,000g for 10 min-

utes at 40 C. Protein concentrations were determined using theAdult female Sprague-Dawley rats weighing 200-250 g were Lwyasy(or ta. 91 ihBAa tnad 5l

obtained from Taconic Farms (Germantown, NY). Animals Lowry assay (Lowry et al., 1951) with BSA as a standard. 25 p g
obtainued from TaconiceraturmsGe- ntrown, NY)ivarium al (2 of protein was resolved on a 12% SDS-PAGE gel (Bio-RAD,were housed in a temperature-controlled vivarium (250°C) HecesCAantrsfrdtoybdM-PVFrn-

with a 12-hour light/dark cycle. Food and water were avail- fer membrane (Amersham Pharmacia, Piscataway, NJ) for 1

able ad libiturn. All procedures, which related to the care, hour at 15V using a Trans-Blot Semi-Dry Transfer Cell (Bio

treatment, and euthanasia of experimental animals were ap- -RAD, Hercules, CA). Membranes were incubated with poly-

proved by the Institutional Animal Care and Use Committees coal antbodes to bax wPre bcu-e wNth pol(-
and onfrmedto he uideine ofthe atinalInsttut of clonal antibodies to bax (P-19), bcl-2 (N-19), bcl-XL/s (S-18)

and conformed to the guidelines of the National Institute of (10 pg/ml; Santa Cruz, Santa Cruz, CA) in blocking solu-
Health Guide for the Care and Use of Laboratory Animals. tion (5% milk, 5% newborn-calf serum in TTBS) overnight
Using Ketamine (100/1g/100 g-body weight) and Xylazine at 4'C. Membranes were washed with TTBS and incubated
(10 ug/100 g-body weight) anesthesia, two stereotaxic injec- with horseradish-peroxidase conjugated goat anti-rabbit IgG
tions of 6-OHDA were made into the right striatum using a (whole molecule) antibody (ICN, Aurora, OH) in blocking
5 p1 Hamilton microsyringe with a 24 gauge steel cannula, solution for 1 hour at room temperature. The membranes
Two microliters of a 5 pg/p 1 solution of 6-OHDA (Sigma, St. were visualized with ECL Plus Western blot detection sys-
Louis, MO) in 0.2 pg/p1 L-ascorbate-saline (Sigma, St. Louis, tem (Amersham Pharmacia, Piscataway, NJ).
MO) was injected at 0.5 pl/min into each site using the fol-
lowing coordinates with reference to bregma and dura: (1)
anterior-posterior, 0.5; lateral, -2.5; and ventral, -5.0 and Immunocytochemical procedures
(2) anterior-posterior, -0.5; lateral, -3.9; and ventral, -5.0.
Tooth-bar was set to 0 for each injection. Control animals re- TISSUE PREPARATION
ceived an injection of vehicle alone. Animals were sacrificed Animals were deeply anesthetized with chloral hydrate
1, 3, 7, 10, and 14 days after injections, and perfused transcardially with ice-cold PBS (0.1 M;

pH 7.4) for 1 minute, followed by 4% paraformalde-
SAMPLE PREPARATION FOR RNA AND PROTEIN hyde in PBS for 10 minutes. The brains were imme-

Untreated, naive, animals utilized for PCR and Western blots diately removed and a 3 mm thick block containing

were deeply anesthetized with chloral hydrate and perfused the midbrain was made using a rodent brain ma-

transcardially with ice-cold PBS to remove contaminating trix (ASI Instruments, Inc. Warren, MI) and post-fixed
blood. The brains were rapidly removed and a 3 mm thick in 4% paraformaldehyde for 6 hours. Blocks were
block containing the midbrain was made using a rodent brain embedded in paraffin following standard procedures
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(Sheehaw & Hpapchack, 1980). Sections were cut in astrocytes with monoclonal antibodies to glial fibril-
the coronal plane at 5 gm, mounted onto gelatin- lary acidic protein (GFAP; 400 ng/ml G-A-5, Sigma,
coated slides and stored at 4°C until used. In order St. Louis, MO). For studies comparing the intracel-
to compare antibody label among the different ani- lular localization of bax and bcl-x or bax and bcl-2,
mals used in this study (n = 4-5 per time point), a monoclonal antibody to Bax (4 pg/ml; Santa Cruz,
every 1 0 0 th section from each animal was stained Santa Cruz, CA) was used together with bcl-x and
for tyrosine hydroxylase (see below), counterstained bcl-2 polyclonal antibodies. After incubation with pri-
with Nissl and numbered according to the diagrams mary antibodies, slides were washed for 30 minutes
from a rat brain atlas (Paxinos & Watson, 1998). in PBS and incubated with Alexa-fluor 488-conjugated
Matched sections at different levels of the substan- anti-rabbit IgG (H+L) and Alexa-fluor 594-conjugated
tia nigra (every 1 0 0 th section) were used for each anti-mouse IgG (H+L) (Molecular Probes, Eugene, OR)
antibody. for 1 hour at room temperature. All primary and sec-

ondary antibody incubations were done in blocking

IMMUNOCYTOCHEMISTRY solution containing 3% goat serum and 0.3% triton
X-100.

Sections deparaffinized in Citro-Solve (Fisher Scien- Following all primary and secondary antibody incu-

tific, Agawam, MA) were rinsed with two changes of bations, sections were incubated in 1 drg/ml Hoechst

100% ethanol followed by 3% hydrogen peroxide in 33258 (Sigma, St. Louis, MO). After a 30-minute wash

methanol and washed in dH 20 for 15 minutes. Antigen in PBS, slides were rinsed in dH2 0 and coverslipped

retrieval reagent (Vector Laboratories, Burlingame, CA) with Fluoromount-G (EMS, Ft. Washington, PA) Con-

was used following manufacturer's protocol. Briefly, trol sections were incubated in blocking solution that

mounted sections were heated in a microwave for 1 ddot cont primary antbodies.

minute at high-power and 9 minutes at 70% power

in retrieval reagent. They were allowed to stay in re-
trieval reagent for 20 minutes following microwave TUNEL
treatment and then washed in PBS (0.01 M; pH 7.4)
for 15 minutes. Double labeled immunocytochemistry Terminal deoxynucleotidyl transferase-mediated
was used to examine the presence of bax, bcl-2 and dUTP nick end labeling (TUNEL) staining was per-
bcl-x in the ventral midbrain. Slides were incubated formed using the In Situ Cell Death Detection Kit-TMR
overnight at 4°C with polyclonal antibodies to Bax (P- red (Boehringer Mannheim, Indianapolis, IN) accord-
19), Bcl-2 (N-19), or Bcl-xL/s (S-18) (4 ttg/ml; Santa ing to manufacturers protocol. A positive-control was
Cruz, Santa Cruz, CA). Dopamine neurons were iden- produced by adding DNase (50 units/50 P1 buffer, pH
tified with monoclonal antibodies to tyrosine hydrox- 7.6) to control sections for 15 minutes. Incubation of
ylase (TH; 40 ng/ml; Chemicon, Temeculat, CA) and sections in reaction buffer that did not contain terminal

1 2 3 4 5 6 bp

A -400

11::1-300

1 2 3 4 5 6 kd

-36.5

B

-17.8
Fig. 1. mRNA and protein for bcl-2, bcl-XL and bax are present in the ventral-midbrain. (A) RT-PCR for bcl-2 (lanes I and 2),
bcl-xL (lanes 3 and 4) and bax (lanes 5 and 6) (B) Western blots for bcl-2 (lanes I and 2, bcl-XL (lanes 3 and 4) and bax (lanes 5
and 6). The duplicate lanes represent preparations from different naive animals.
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Fig. 2. Localization of bcl-2, bcl-x and bax in the SNpc of the naive rat brain. Double label immunocytochemistry for: TH (red)
and bcl-2 (green, A), bcl-x (green, C) and bax (green, E) and double labeling for GFAP (red) and bcl-2 (green, B), bcl-x (green,
D) and bax (green, F). Scale bar = 10 pm.

Fig. 3. Bax, bcl-x and bcl-2 are present in the same neurons in the adult rat SN. Top panel: Double label immunocytochemistry
for: Bax (red, A) and Bcl-2 (green, B) and composite (C) in the SN. Bottom panel: Double label immunocytochemistry for: Bax
(red, D) and Bcl-x (green.E) and composite (F) in the SN. Scale bar = 10 pm.
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Contralateral Control 6-OHDA Lesion

Fig. 4. Striatal 6-hydroxydopamine induced the loss of tyrosine hydroxylase-positive dopamine neurons in the substantia nigra
pars compacta. Representative photomicrographs of coronal sections through the ventral-midbrain of animals at I (A and B), 3
(C and D), 7 (E and F), 10 (G and H) and 14 (1 and J) days post-lesion. Figures B, D, F, H, and J represent the lesioned nigra and A,
C, E, G, and I represent the contralateral control of the same section. Immunoreactivity for tyrosine hydroxylase demonstrates
the time course of degeneration. Notice the severe loss of TH-positive dopamine neurons on days 10 (H compared to G) and
14 (J compared to I). Scale bar = 300 pm.

deoxynucleotidyl transferase provided a negative croscope to insure optimal contrast and brightness of
control. At the completion of TUNEL labeling, sections the resulting photomicrographs. This in no way altered
were labeled with TH and counterstained with Hoechst the observations made. The plates were printed on Fu-
33258 as described above. jix Pictrography 3000 color printer (Fujifilm USA, Inc.,

Edison NJ).
IMAGE ACQUISITION

Images were acquired using a Spot RT Slider camera Results
and software (v3.0) (Diagnostic Instruments, Sterling
Hights, MI) attached to an Olympus X60-fluorescent Bcl-2, Bcl-x AND Bax mRNA AND PROTEINS
microscope (Melville, NY). The illustrations presented ARE PRESENT IN THE ADULT RAT MIDBRAIN

in this manuscript were assembled using Adobe® The presence of mRNA for bax, bcl-2 and bcl-x in
Photoshop® 7.0. Only minor adjustments were made the ventral midbrain (VMB) of untreated adult rats
to the digital images obtained from the fluorescent mi- was identified by RT-PCR. Primers were designed
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to produce a band at 355 bp for bcl-2 and 402 bp for GFAP-postitive astrocytes (Fig. 2A and B). Bax im-
bax. The primers used to identify bcl-x were designed munoreactivty was also present the neurons of SN but
to differentiate between bcl-xL and its splice variant was mostly absent from the astrocytes (2C and D).
bcl-xs, by producing a band at 397 bp for bcl-xL and On the contrary, Bcl-x immunoreactivity was not as
210 bp for bcl-xs. Based on the predicted size of the intense in neurons as it was in GFAP-positive astro-
PCR products, we have concluded that the bands cytes (Fig. 2E and F). Double labeling of cells with bax
obtained represent bax, bcl-2 and bcl-xL (Fig. 1A). No and bcl-2 (Fig. 3A-C) or bax and bcl-x (Fig. 3D and E)
band corresponding to bcl-xs was detected. When total demonstrated the presence of these proteins in the same
cellular RNA or water was used as a template for PCR neuron.
amplification with the above primers, no bands were
observed (data not shown). EFFECT OF STRIATAL 6-OHDA LESIONS ON TH

Western blots were performed separately with anti- AND GFAP IMMUNOREACTIVITY

bodies to bax, bcl-2 and bcl-x to identify whether the Striatal 6-OHDA injections were used to induce oxida-
mRNA species identified above are actively translated tive stress and subsequent dopaminergic cell death. Ni-
into protein in the adult VMB. Bands were detected at gral sections were examined 1, 3, 7, 10, and 14 days
approximately 21 kd for bax, 29 kd for bcl-2, and 30 kd grtlesions were eamined l, 3, 7,10 nd1 idy
for bcl-xL (Fig. 1B). The primary antibody used to de- post-lesion. There was no apparent loss of TH-positive
tect bcl-x does not differentiate between the long and neurons between I and 3 days (Fig. 4A-D). Loss ofthe short form, however we did not detect a band at 21 TH-positive neurons was apparent 7 days post-lesion

theshot frmhowverwe id ot etet aban at21 and progressed throughout the course of the study
kd, the expected molecular weight of bcl-xs (Minn et al., (Fig. 4E-J).
1996). When Western blots were probed with antibod- (Fig 4Ere a ries hathadbee pr-aborbe wih bockng eptde, GFAP immunocytochemistry revealed a higher con-
ies that had been pre-absorbed with blocking peptide, centration of astrocytes in the VMB as compared to
no bands were observed (data not shown). the dorsal areas (Fig. 5A). Among the areas containing

dopamine neurons, the greatest population of GFAP-
LOCALIZATION OF BcI-2, Bcl-x AND Bax positive cells was located in the ventral tegmental area
IN THE SUBSTANTIA NIGRA OF RAT BRAIN (VTA) (Fig. 5B). In addition, substantial populations of

Having confirmed the presence of mRNA and protein GFAP-positive cells were distributed throughout the
for bax, bcl-2 and bcl-x in the VMB, we used coronal sec- SNpc and substantia nigra pars lateralis (SNL) (Fig. 5C
tions from naive rats to study the cellular distribution and D). Following 6-OHDA, no noticeable difference in
in the normal SNpc. Dopamine neurons were identified GFAP-positive astrocytes was observed 1, 3 and 7 days
by their immunoreactivity to TH and astrocytes were post-lesion (data not shown). An increase in GFAP-
identified by immunoreactivity to GFAP. positive astrocytes was apparent on the lesioned side

Intense Bcl-2 immunoreactivity was observed in the at days 10 and 14, which coincides with the depletion
neurons of the SN, whereas it was rarely present in of TH-positive cells (Fig. 6A and B).

Fig. 5. Distribution of astrocytes in the adult rat ventral-midbrain. Top panel: (A) Double label immunocytochemistry for: TH
(green) and GFAP (red) which demonstrates the high level of GFAP positive cells in the ventral midbrain. Scale bar = 300 itm.
Bottom panel: Enlargement of boxed areas of Figure 5A from left to right representing the ventral tegmental area (B), medial
(C) and lateral (D) portions of the substantia nigra. Scale bare = 25 pm.

Fig. 6. GFAP immunoreactivity increases between 10-14 days post 6-OHDA lesion. Double label immunocytochemistry for TH
(red) and GFAP (green) in the non-lesioned (A) and the lesioned (B) SNpc. Note the increase of GFAP immunoreactivity on the
lesioned side as compared to the unlesioned. These photomicrographs are representative of observations made at days 10 and
14. Scale bar = 25 ptm.

Fig. 7. Effect of striatal 6-OHDA lesions on bcl-2 immunoreactivity in the SNpc. Top panel: Double label immunocytochemistry
for TH (red, A), bcl-2 (green, B) and composite (C) in the non-lesioned SN. Note the intense staining of bcl-2 in TH-positive
dopamine neurons. Arrows and arrowheads indicate two examples of such cells. Bottom panel: Double label immunocyto-
chemistry for: TH (red, D), bcl-2 (green, E) and composite (F), in the lesioned SN. Notice that some TH-positive cells appear to
have little or no bcl-2 as compared to the non-lesioned control. Arrows and arrowheads indicate two examples of such cells.
These photomicrographs are representative of observations made from days 3-14. Scale bar = 25 pm.

Fig. 8. Effect of striatal 6-OHDA lesions on bcl-x immunoreactivity in the SNpc. Top panel: Double label immunocytochemistry
for TH (red, A), bcl-x (green, B) and composite (C) in the intact SN. Bottom panel: Double label immunocytochemistry for: TH
(red, D), bcl-x (green, E) and composite (F), in the lesioned SN. Note the increase of bcl-x immunoreactivity on the lesioned
side. This increase appears to be mostly in astrocytes and is seen between days 3-7. These photomicrographs are representative
of observations made from days 3-7. Scale bar = 25 pm.
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EFFECT OF STRIATAL 6-OHDA LESIONS ON Bcl-2, Bcl-x the dopamine neurons that selectively degenerate dur-
AND Bax IMMUNOREACTIVITY ing PD, immunocytochemistry revealed the presence

A reduction of bcl-2 immunoreactivity in the TH- of bax, bcl-2 and bcl-x in all dopamine neurons, how-
positive neurons was observed 3 days after 6-OHDA ever, there were differences in the intracellular distri-

lesions and persisted throughout the study. In fact, TH- bution of neuronal bcl-2 and bax. Bax immunoreactiv-

positive neurons with no bcl-2 immunoreactivity were ity was localized to well-defined regions in both the

often present on the lesioned side (Fig. 7A-F). 6-OHDA processes and in the perinuclear cytoplasm, a finding

lesions had no effect on neuronal bcl-x immunoreactiv- consistent with similar observations in Purkinje cells

ity, however there was increased bcl-x staining in pre- (Krajewski et al., 1994), whereas bcl-2 was evenly dis-

sumptive astrocytes in the lesioned SN on days 3 and tributed throughout the cytoplasm of dopamine neu-

7 (Fig. 8A-F). This increase was no longer present on rons. These observations also confirm reports suggest-

days 10 and 14 (not shown). ing that pro- and anti-apoptotic members of the bcl-2

An overall reduction in bax immunoreactivity was family may be localized in separate compartments in

observed in the lesioned nigra between days 3-7 the absence of a death signal (for reviews see Gross

(Fig. 9A-F), which was concomitant with a change in et al., 1999; Merry and Korsmeyer, 1997).

the cellular distribution of this protein from a well or- Following 6-OHDA lesions of the striatum, degen-

ganized to defused pattern (Fig. 9G-L). Between days eration of TH-positive dopamine neurons of the SN

10-14, surviving dopamine neurons on the lesioned occurred primarily between 7 to 14 days, in agree-
side had varying intensities of TH immunoreactivity ment with the findings of Sauer and Oertel (1994).

with some only lightly stained. Bax immunoreactiv- Immunoreactivity for both the pro-apoptotic bax and

ity was very intense in these cells, when compared to the anti-apoptotic bcl-2 appeared initially decreased

dopamine neurons that were strongly stained with TH in TH-positive dopamine neurons of the lesioned side

(Fig. 9M-O). following 6-OHDA. This decrease is first observed
three days post-lesion, before there is any apparent loss
of dopamine neurons, suggesting an active response
to 6-OHDA induced oxidative stress. It has been pro-

To determine if 6-OHDA lesions result in DNA frag- posed that the ratio of pro- and anti-apoptotic proteins
mentation of dopamine neurons in the SN, we used determines a cell's commitment to apoptosis (Gross
TUNEL labeling to identify free 3'-OH termini, which et al., 1999). The decrease in the anti-apoptotic protein
characterize classical apoptosis. There was no evidence bcl-2 in TH-positive dopamine neurons would support
of TUNEL-labeled apoptotic nuclei in dopamine neu- this finding. The apparent decrease in the pro-apoptotic
rons on either the lesioned or non-lesioned sides at any protein bax, however, is counter-intuitive. One explana-
of the time points examined (data not shown). There tion for this might be that another pro-apoptotic mem-
was also no evidence of condensed chromatin as deter- ber of the bcl-2 family is playing a role in dopaminergic
mined by Hoechst staining (data not shown). degeneration following 6-OHDA lesions. For example,

bad and bak are both able to displace bax from bcl-2
Discussion and promote apoptosis (Chittenden et al., 1995; Yang

et al., 1995). Alternatively the redistribution of bax from
Members of the bcl-2 family regulate cell death and a compact to a finely dispersed form may have resulted
survival through the initiation and inhibition of apop- in an apparent loss of fluorescent intensity. During the
tosis, a process classically defined by its morphological period coinciding with the most active dopaminergic
characteristics (Kerr et al., 1972), and their presence in degeneration, the intensity of bax immunoreactivity
the developing brain is well characterized (Shimohama varied among dopamine neurons depending on their
et al., 1998; Yamada et al., 2000; Deckwerth et al., 1996; TH content. Neurons strongly immunofluorescent
Merry et al., 1994). In this study we have documented for TH exhibited weak bax immunoreactivity, while
the presence of bcl-2, bax, and bcl-xL in the adult rat neurons weakly immunofluorescent for TH had strong
ventral-midbrain (VMB). Our data from RT-PCR and bax immunoreactivity. It is possible that the reduction
Western blot analysis indicate that these genes are ac- in TH indicates damage and precedes cell death.
tively transcribed and translated beyond the develop- The uneven distribution of GFAP-positive astrocytes
mental period in the rat VMB. It also demonstrates that in the midbrain is intriguing. Similar observations have
bcl-XL, the anti-apoptotic splice variant of bcl-x (Boise been reported previously (Hajos & Kalman, 1989; Zilles
et al., 1993; Minn et al., 1996), is the predominant form of et al., 1991). The apparent absence of GFAP-positive
bcl-x transcribed and translated in the VMB. Consistent astrocytes in large areas of the midbrain might be ex-
with this observation, others have also reported that plained by the presence of protoplasmic astrocytes that
bcl-xLis the predominant bcl-x species present in the express little or no GFAP (for review see Walz, 2000). It
brain (Gonzalez-Garcia et al., 1994; Boise et a., 1993). has been suggested that the GFAP-positive astrocytes
Within the SN, the region of the VMB enriched with present in the VMB play a role in the pathophysiology
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TH Bax Composite

Fig. 9. Effect of striatal 6-OHDA lesions on bax immunoreactivity in the SNpc. Double label immunocytochemistry for TH (red),
bax (green) and composites in the non-lesioned SN (A, B, C) and lesioned side of the same section (D, E, F). Note the intense
staining of bax in TH-positive dopamine neurons of the control side as compared to the lesioned nigra. Scale bar = 25 pim.
Higher magnification reveals that bax (green, H and K) appears to be more evenly distributed throughout the soma of TH
neurons (red, G and J) in the lesioned (L) vs. non-lesioned side (I). These photomicrographs are representative of observations
made from days 3-10 post-lesion. Immunocytochemistry for TH (red, M), bax (green, N) and composite (0) on the lesioned side
days 10 and 14 demonstrate that there is an inverse relationship between TH and Bax immunoreactivity. Cells lightly stained
for TH are strongly immunoreactive for bax (small arrow); those moderately stained for TH are moderately stained for Bax
(small arrowhead); and cells strongly stained for TH are lightly stained for Bax (large arrowhead). Scale bar = 10 Pm.

of PD (Hirsch et al., 1999) and their presence in the crease in bcl-xL immunoreactivity in cells presumed to
VMB would support this notion. Indeed, studies in- be astrocytes 3-7 days post-lesion, however an increase
dicate that glial cells play a role in the degeneration of in GFAP immunoreactivity is not observed until days
dopamine neurons in vitro, following oxidative stress 10-14. Perhaps the increase of bcl-x occurs in protoplas-
(Kramer et al., 2002, 1999). We have observed an in- mic astrocytes and the subsequent increase of GFAP
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immunoreactivity observed on days 10 and 14 is the BOISE, L. H., GONZALEZ-GARCIA, M., POSTEMA, C.
result ofGFAP up-regulation in these cells. E., DING, L., LINDSTEN, T., TURKA, L. A., MAO,

The loss of dopamine neurons in Parkinson's dis- X., NUNEZ, G. & THOMPSON, C. B. (1993) bcl-x, a

ease (PD) is well documented; however the mecha- bcl-2-related gene that functions as a dominant regulator

nism through which they die is unknown. While some of apoptotic cell death. Cell 74, 597-608.
groups report the presence of apoptotic morphology in BRUCE-KELLER, A. J., BEGLEY, J. G., FU, W.,
ghroupsrort b TBUTTERFIELD, D. A., BREDESEN, D. E.,
the parkinsonian brain (Tompkinset al., 1997; Anglade HUTCHINS, J. B., HENSLEY, K. & MATTSON,
etal., 1997; Hirsch etal., 1999), others do not (Kosel etal., M. P. (1998) BcI-2 protects isolated plasma and
1997; Jellinger, 2000; Banati et al., 1998). While apoptotic mitochondrial membranes against lipid peroxidation in-
morphology was not present in the SN following 6- duced by hydrogen peroxide and amyloid beta-peptide.
OHDA induced damage, we did observe changes in the Journal of Neurochemnistry 70, 31-39.
distribution of bcl-2, bcl-xL and bax, which indicates an CASTREN, E., OHGA, Y., BERZAGH1, M. P.,
active response to oxidative stress. Indeed, studies have TZIMAGIORGIS, G., THOENEN, H. & LINDHOLM,

suggested that cell death in response to oxidative stress D. (1994) bcl-2 messenger RNA is localized in neurons

include characteristics of both apoptosis and necrosis of the developing and adult rat brain. Neuroscience 61,

(Banati et al., 1998) and that bcl-2 could attenuate cell 165-177.
death following GSH depletion, even though apoptotic CHITTENDEN, T., HARRINGTON, E. A., O'CONNOR,
morphfologywisnotobserved(Kan~evetthalghp1p95).R., FLEMINGTON, C., LUTZ, R. J., EVAN, G. I. &
morphology is not observed (Kane et al., 1995). GUILD, B. C. (1995) Induction of apoptosis by the Bcl-2

In conclusion, our observations demonstrate that bcl- homologue Bak. Nature 374, 733-736.
2, bcl-xLandbax, which are present in the adult rat SN, DECKWERTH, T. L., ELLIOTT, J. L., KNUDSON, C.
arealtered following 6-OHDA induced oxidative stress M., JOHNSON, E. M., JR., SNIDER, W. D. &
despite the absence of apoptotic morphology. These ob- KORSMEYER, S. J. (1996) BAX is required for neuronal
servations suggest that a connection between the bcl- death after trophic factor deprivation and during devel-
2 family of proteins and oxidative stress may exist in opment. Neuron 17,401-411.

PD. Further studies will be needed to confirm this pos- DEXTER, D. T., CARTER, C. J., WELLS, F. R., JAVOY-

sibility. In addition, our data support the notion that AGID, F., AGID, Y., LEES, A., JENNER, P. &

the link between classical apoptotic genes and classi- MARSDEN, C. D. (1989) Basal lipid peroxidation in sub-

cal apoptotic morphology may not be as absolute as stantia nigra is increased in Parkinson's disease. Journal
oce otought. mohusogy s late tht the aabsolue famy of Neurochemistri 52, 381-389.
once thought. Thus, we speculate that the bcl-2 family DEXTER, D. T., HOLLEY, A. E., FLITTER, W. D.,
of proteins may also play a role in a mode of cell death SLATER, T. F., WELLS, F. R., DANIEL, S. E., LEES,
that shares some, but not all of the characteristics of A. J., JENNER, P. & MARSDEN, C. D. (1994) Increased
apoptosis. levels of lipid hydroperoxides in the parkinsonian sub-

stantia nigra: An HPLC and ESR study. Movement Disor-
ders 9, 92-97.
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